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Preface 
This thesis is arranged into seven chapters, written so that each chapter can be read 
independently. The chapters in this thesis comprise five individual studies on pains 
and injuries that are common in adolescents and young adults. The University of 
Sydney allows publications that arose from the candidature to be included in the 
thesis. Chapters Two, Three, Four, Five, and Six are PDF files of the published 
papers.  
Chapter One is an introduction to the thesis and provides an overview of the 
concepts relevant to the study of pain and injury in adolescents and young adults. 
Chapter Two is a cross-sectional study that estimates the prevalence of backache, 
headache and stomach ache in adolescents from a representative sample of 
adolescents from 28 countries. The study is presented in the format required by 
BMC Public Health where it was accepted for publication. Chapter Three is a cross-
sectional study that evaluates whether types of pain (backache, headache and 
stomach ache) or multiple pains, affect the odds of adolescents achieving the 
recommended 60 minutes of moderate to vigorous physical activity per day in a large 
representative sample. The study is presented in the format required by Pain 
Medicine where it was accepted for publication. Chapter Four is a systematic 
literature review that determines whether there is a relationship between physical 
growth, biological maturation, and musculoskeletal conditions in adolescents. The 
study is presented in the format required by The British Journal of Sports Medicine 
where it was accepted for publication. Chapter Five is a prospective cohort study 
that evaluates the feasibility of using electronic methods of data collection to assess 
the short-term clinical course of knee pain in children and adolescents. The study is 
xiv
presented in the format required by Physiotherapy Research International where it 
was accepted for publication. Chapter Six consists of a systematic review of the 
literature that evaluates the accuracy of clinical tests in the diagnosis of anterior 
cruciate ligament injury. The study is presented in the format required by 
Chiropractic and Manual Therapies where it was commissioned, and peer reviewed 
for publication. Finally, Chapter Seven is an overview of the thesis, and discusses 
the public health and clinical implications of the findings and directions for future 
research. 
Each chapter contains its own reference list. Appendices that were published as 
online supplementary material are included at the end of the relevant chapter. 
Additional appendices are included at the end of the thesis. Ethical approval was 
obtained for the studies reported in Chapter Two and Chapter Three from Human 
Ethics Institutional Review Boards for Health Behaviour of School-aged Children 
team members across Europe and North America prior to commencement. Ethical 
approval was obtained from the Human Research Ethics Committee of the University 
of Sydney for the study reported in Chapter Five prior to commencement (protocol 
number 14519). The remaining chapters did not require ethical approval. 
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Abstract 
Pain and injury in adolescents and young adults pose a substantial burden to 
individuals, their families and the community, both during adolescence and later in 
life. Compared to adults, there is a paucity of research that investigates the 
epidemiology of pain and injury in young people, which is necessary to advance 
understanding in the field. This thesis aims to better the understanding of pain and 
injury in adolescents and young adults by investigating the prevalence, impact, risk 
factors, clinical course and diagnosis of common disorders.  
Chapters 2 and 3 presents the results of studies which investigate prevalence of pain 
and relationship to physical activity in large international data sets. Chapter 2 
presents the results of a study performed to investigate the prevalence and co-
occurrence of pain in young people via analysis of data collected from 404,206 
children in 28 countries across Europe and North America. The results showed that 
back pain, headache, and stomach ache were very common in adolescents, more 
often coexisting with each other than occurring in isolation. Girls had a higher 
prevalence of the three pain types than boys, and older adolescents more frequently 
experienced all types of pain than young adolescents. Despite some variation across 
countries, in no country were the three pains uncommon.  
Back pain is thought to impact adolescents’ participation in physical activity, however 
the impact of pain on adolescents meeting the World Health Organisations 
recommendations on levels of physical activity for health is currently unknown. In 
Chapter 3 analysis of data was conducted to investigate the association between 
pain (back pain, headache, stomach ache or multiple pains) and achieving the 
recommended 60 minutes of moderate to vigorous physical activity (MVPA) per day. 
xvi
In a representative sample of 242,103 young people from 28 countries across 
Europe and North America, adolescents with pain generally had reduced odds of 
meeting physical activity recommendations. However, findings differed depending on 
age and gender; the association was most pronounced in 11- and 13-year old 
adolescents, and girls more so than boys.  
Chapter 4 presents the results of a study performed to investigate whether physical 
growth and development (determined by markers of biological maturation) is a risk 
factor for musculoskeletal conditions in adolescents. A systematic review of the 
literature was conducted and found 56 studies, all at high risk of bias. There was a 
total of 208 estimates of association, which generally indicated no association or an 
unclear association between maturation, growth and musculoskeletal conditions in 
adolescents.  
The clinical course of knee pain in adolescents is unclear because there are no 
short-term clinical-course studies. In Chapter 5, a feasibility study with 6-month 
follow-up was conducted to assess the recruitment, retention and response rates 
(feasibility) of weekly electronic follow-up (text messaging and an online 
questionnaire), in a clinical cohort of adolescents with knee pain. Study feasibility 
was threatened by slow recruitment, a high percentage of participants that stopped 
responding to text messaging prior to recovery, and high loss to follow-up at 6-
months. Electronic data collection alone seems insufficient to track knee pain 
recovery in young people.  
Traumatic anterior cruciate ligament injuries are common and impactful in young 
people and responsible for frequent presentations to clinical care. Peak incidence of 
anterior cruciate ligament injuries occurs during adolescence and young adulthood. 
xvii
Chapter 6 reports a systematic review conducted to evaluate the diagnostic accuracy 
of clinical tests for diagnosis of anterior cruciate ligament injury. Fourteen diagnostic 
accuracy studies were included, the risk of bias was judged as low in the study 
conducted in primary care and moderate-to-high in studies conducted in secondary 
contact settings. The accuracy of clinical tests for anterior cruciate ligament injury 
was variable and imprecise in secondary contact settings, and only produced a small 
change in the probability of anterior cruciate ligament injury in primary care settings. 
Clinical tests in combination, but not individually, may assist the diagnosis of anterior 
cruciate ligament injury in clinical practice.  
Collectively, this thesis provides an important contribution to the body of knowledge 
underpinning the epidemiology of pain and injury in adolescents and young adults. 
The new information provided aids development of public health and clinical 
management strategies in young people with pain and injury. 
xviii
  
 
 
 
 
 
 
 
 
Chapter One 
Introduction 
 
“Every accomplishment starts with the decision to try”. 
- John F. Kennedy  
  
1
 1.1 Preamble 
This dissertation contains five linked research projects that address the central 
theme of the thesis, which is pain and injury in adolescents and young adults. The 
thesis includes a study investigating the prevalence of pain in adolescents, a study 
investigating the relationship between pain and physical activity in adolescents, a 
systematic review investigating the relationship between pubertal development and 
pain in adolescents, a feasibility study of the prognosis of knee pain in adolescents, 
and a systematic review of the diagnostic accuracy of tests for anterior cruciate 
ligament injury. 
 
1.2 Musculoskeletal pain in young people 
1.2.1 Musculoskeletal pain 
Pain is a subjective experience defined by the International Association for the Study 
of Pain (ISAP) as “an unpleasant sensory and emotional experience associated with 
actual or potential tissue damage or described in terms of such tissue damage”.1 
Cognitive interpretation of pain develops through an individual’s experiences with 
pain early in life, and this serves as a reference for the interpretation and expression 
of future pain.2 Musculoskeletal (MSK) pain is a common type of pain3 that arises 
from conditions affecting muscles, joints, bones or related supporting tissues.4  
 
1.2.2 Types of musculoskeletal pain (acute, chronic, and body regions) 
MSK pain is typically separated into two forms, acute and chronic MSK pain. Acute 
pain is “the physiologic response and experience to noxious stimuli that can become 
pathologic, is normally sudden in onset, time limited, and motivates behaviours to 
avoid actual or potential tissue damage.”5 Chronic pain is pain that “persists beyond 
2
 normal tissue healing time”6 following injury (or other condition), and may exist 
without a clear patho-anatomical reason. By convention,7 the cut-point between 
acute and chronic MSK pain is 3-months.5 For example, chronic MSK pain, such as 
chronic low back pain (LBP) has been operationally defined as “persistent or 
recurrent pain lasting longer than 3-months”.4 8  
 
Low back pain is the most common form of MSK pain in adults and is estimated to 
affect one-third of all people (1-month prevalence 30.8% ± 12.7%).9 However, during 
adolescence the prevalence of knee pain is often reported to be higher than back 
pain. For example, a population-based study of 2,953 Danish adolescents (age 12-
19 years) found knee pain in 32.3% (95% confidence interval (CI): 30.6% to 34.0%), 
which was more common than both back pain (24.1% [CI: 22.6% to 25.7%]) and 
shoulder pain (13.3% [CI: 12.1% to 14.5%]).10 MSK pain is one of the most common 
types of pain experienced during adolescence.11-13 A German study of adolescents 
reports the 3-month prevalence of back pain (38.6%), limb pain (46.4%), abdominal 
pain (47.7%), and headache (65.6%).11 A large population level study in the 
Netherlands found chronic MSK pain (i.e. limb pain range 4.9% to 6.1% and back 
pain 2.7% to 2.9%) to be more common than chronic headache (3.5% to 4.6%) and 
chronic stomach-ache (2% to 2.3%), and much more common than chronic throat 
pain (0% to 0.3%), chronic ear pain (0.1% to 0.4%) or chronic pain at other sites 
(0.6% to 0.9%) during adolescence.12 
 
1.2.3 Lifespan considerations 
Historically, LBP was thought uncommon in adolescence; two influential publications 
in the 1980s suggested that the first episode of LBP most commonly occurred late in 
3
 the second and third decades of life.14 Recent studies show that the first episode of 
LBP typically occurs much sooner, most frequently during early adolescence.15-17 For 
example, the lifetime occurrence of LBP at seven years of age is estimated to be 
1%, increasing to 12%-40% by 12 years, and 39%-71% by 12-15 years of age.15 It is 
now well-established that the prevalence of LBP increases sharply during 
adolescence, with the prevalence in late adolescence approximating the prevalence 
in adults.9 18 19 There is an association between MSK pain in adolescence 
(particularly persistent MSK pain and multiple pains) and MSK pain in adult life.20-22 
Hestbaek et al, followed approximately 10,000 adolescents (mean age 17.4 years) 
over 8-years and found adolescents with persistent LBP had higher odds of having 
persistent LBP in adulthood (odds ratio (OR) 4.3 [CI: 3.5 to 5.3]) than those without 
persistent LBP. Adolescents who experienced coexisting persistent LBP and 
persistent headache were at greater odds of experiencing LBP in adulthood (OR 4.6 
[CI: 2.9 to 7.4]), compared to if they had experienced LBP alone.20 Given this link, a 
life course epidemiological approach is increasingly being taken to the study of MSK 
pain. This approach aims to clarify the short and long-term risks of biological, 
behavioural, and psychosocial exposures on pain outcomes at various periods (such 
as childhood, adolescence, young adulthood) across the life course.23 24 
 
1.2.4 Risk factors 
Recent systematic reviews that evaluate risk factors for adolescent MSK pain show 
there is little robust evidence to support the association between most factors and a 
higher probability of MSK pain25 or LBP in adolescents.26 27 The literature is 
characterised by studies reporting inconsistent associations16 19 25-31 and 
contradictory conclusions,26 which draws doubt on whether any strong risk factors 
4
 have been conclusively identified to date. In a recent review, Huguet et al., identified 
a total of 65 potential risk factors associated with the onset of MSK pain in 
adolescents, across 36 (21 cohorts) studies. The reviewers reported high-quality 
evidence (4 cohorts, n=5,403) that low socioeconomic status (SES) (univariate OR 
1.4, CI: 1.0 to 2.1), and moderate-quality evidence that negative emotional 
symptoms (7 cohorts, n=10,922; univariate OR 1.5, CI: 1.1 to 2.2) and regular 
smoking (4 cohorts, n=7,117, multivariate OR range 1.4 to 2.2) are risk factors for 
MSK pain.25 Linked psychosocial factors (such as catastrophising, negative affect, 
and poor sleep hygiene) are proposed mechanisms underlying the associations 
between emotional symptoms, SES and MSK pain,32 whereas exposure to cigarette 
smoke and nicotine may affect the brain circuitry linked to persistent pain.33 Other 
potential risk factors in the review were based on low or very low quality evidence. 
There was moderate-quality evidence to suggest that some factors; higher body 
mass index, taller height, and joint hypermobility are not associated with increased 
risk of onset of MSK pain. Recent systematic reviews34 35 have also evaluated 
commonly perceived risk factors, such as back packs and sleep problems. In both 
examples, authors draw doubt on a link between these factors and MSK pain in 
adolescents. Seldom are ‘activity and participation’ or ‘social and environmental’ 
factors25 studied as risk factors for MSK pain in adolescents.36 
 
1.2.5 Impacts of musculoskeletal pain 
Pain in adolescence poses significant impacts on young people, their families and 
society. At the individual level, adolescents are negatively impacted by pain, 
particularly chronic pain through school absenteeism (missed school days),13 37-40 
impaired social functioning and peer relationships (social isolation and loneliness),13 
5
 37 41 restriction of activities of daily living (participation in hobbies,13 37 sleep 
problems,13 37 eating problems13 37), reduced participation in recreational 
sport/physical activity,39 increased care seeking38 40 and medication use,37 38 40 and 
reduced health-related quality of life.38 40 42  
 
An Australian study quantified the impacts of LBP in a sample of 1,283 adolescents 
aged 17-years across five health domains: medication use, care seeking, missed 
school, interference with normal activities and recreational physical activities.40 
Adolescents reported LBP caused them to miss school/work (21.3%), take 
medication (34.3%), and seek health professional care (37.6%). LBP also interfered 
with normal activities (38.8%), and physical activities (43.6%). Adolescents with 
chronic LBP report greater impact than adolescents with acute LBP; 41% of 
adolescents with acute LBP report impact to one of the health domains versus 59% 
of adolescents with chronic LBP. The number of health domains impacted increased 
with the proportion of adolescents reporting chronic LBP; 12.5% of adolescents with 
acute LBP were impacted in 5 health domains versus 87.5% with chronic LBP.40 The 
impact of chronic MSK pain is similar to other pain types in adolescents. A Spanish 
study43 of 561 schoolchildren between the ages of 8 and 16 year measured the 
severity (intensity/disability, graded I-IV) of chronic lower extremity pain, headache, 
and abdominal pain (and combinations thereof). Using the Revised Faces Pain 
Scale44 (range 0-10), the mean (± standard deviation) “usual” pain intensity was 3.4 
± 2.4, and the “highest” pain intensity was 5.4 ± 3.2, for all pain groups combined. 
Different pain types (MSK versus other) had similar grades of severity in 
adolescents.38 Pain severity was positively associated with functional disability and 
6
 negatively associated with quality of life, physical and psychosocial functioning. The 
latter including aspects of school, social and emotional functioning. 
 
Emotional problems such as psychological vulnerability,41 distress, and anxiety45 46 
frequently accompany MSK pain in adolescents. For example, a representative 
sample of 2,360 Norwegian school children aged 12- to 15-years found adolescents 
with frequent MSK pain (back pain mean score 6.8/10, limb pain mean score 6.4/10) 
reported a higher mean anxiety/depression score than adolescents with infrequent 
back or limb pain (back pain mean score 4.9/10, limb pain mean score 4.9/10).45 
MSK pain in adolescents also negatively impacts family and parental functioning.47 A 
systematic review by Lewandowski et al.,48 showed families of children with chronic 
MSK pain generally have poorer family functioning than the families of children 
without chronic MSK pain. Furthermore, parents of adolescents with MSK pain report 
high levels of parenting stress49 and feelings of helplessness and rumination which 
can reinforce pain behaviour (attentional avoidance) in adolescents.50 Economic 
impacts on the families of children with MSK pain include loss of personal time, and 
costs due to missed work, care seeking, medication, and hospitalisation.47 
 
1.2.5.1 The global economic and disability burden of MSK pain 
The global economic cost of MSK pain is very large and appears to be growing.51 In 
the United States (1995-2004) estimates of direct costs of LBP range from $12billion 
to $90billion and the estimates for indirect costs range from $14billion to $28billion. 
Australian estimates for 2001 were $9.2billion ($474 per capita) in total costs, 
comprising direct healthcare costs of $1billion and indirect productivity costs of 
$8.2billion.52 The economic burden of LBP is seldom estimated in young people. A 
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 cohort study of 149 adolescents aged 10-17 years provides insight, estimating the 
2010 economic burden of chronic pain in the United States.53 In this study, MSK pain 
was most common (42.3%), followed by multiple locations of pain (35.6%), 
abdominal pain (14.1%) and headache (8.1%). Extrapolating from this sample the 
total cost of moderate to severe chronic pain in adolescents in the United States, 
was estimated at $19.5billion per annum.53 The estimated mean cost of 
interdisciplinary pain treatment was $11,787 per participant.  
 
In the 2016 Global Burden of Disease Study, burden due to LBP was estimated in 
people aged 10‐14 years at 1 million years lived with disability (YLD), 2 million YLD 
in those aged 15‐19 years, and 3 million YLD in those aged 20‐24 years.54 A recent 
report attributes low back and neck pain as being responsible for 5% (CI:4.1% to 
6.2%) of the total YLD in 10-14 year olds (ranked 5th), 10% (8.4% to 11.9%) of the 
YLD in 15-19 year olds (ranked 3rd) and 12.9% (11.1% to 15.0%) of the YLD in 20-
24 year olds (rank 1).55 Hence, MSK disorders in adolescence have a tremendous 
impact on the lives of adolescents and young adults globally. However, there remain 
several research challenges and knowledge gaps that need to be addressed to 
advance understanding in the field. 
 
1.2.6 Research challenges and knowledge gaps 
In general MSK pain is less frequently studied in young people than in adults.56-59 
Studies on the prevalence of MSK pain and other pains in adolescents have yielded 
inconsistent and wide ranging estimates of back pain from 7% to 70%,27 limb pain 
from 4% to 40%, headache from 8% to 85% and stomach pain from 4% to 53%.30 
Part of the inconsistency is because most studies do not specify the type of pain 
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 being studied, whether acute, recurrent, or chronic pain.30 60 Further limitations 
include poorly defined criteria for intensity, severity, and duration; heterogeneous 
prevalence periods, and heterogeneous participant age-range within study 
samples.19 27 30 60 61 Poor methodological quality of studies is also common.27 30 60 
Methodological quality influences estimates of LBP prevalence in adolescents, with 
studies of better methodology typically reporting higher prevalence than poor quality 
studies.60 
 
Even for simple issues there is uncertainty in the field. For example, there is 
uncertainty as to whether females experience MSK pain more frequently than males 
during adolescence.19 58 Studies to date report inconsistent findings; some report 
higher prevalence of LBP in females compared to males, some report the opposite, 
and some report no difference.27 60 To illustrate this, Kovacs conducted a population 
based study of 16,394 schoolchildren aged 13 to 15 years on the island of Mallorca 
and found the lifetime prevalence of LBP was 69.3% for girls and 50.9% for boys.62 
Burton et al., studied the natural history of LBP in 216 adolescents in England and 
found the lifetime prevalence of LBP for girls was 40% and 60% for boys.63 Silva et 
al., reports the 1-year prevalence of LBP as 57% among 343 schoolchildren aged 12 
to 15 years in Brazil, and found no difference between sexes (OR 1.13 [CI: 0.93 to 
1.37]).64 Meta-analyses have attempted to determine whether there is a relationship 
between sex and MSK pain prevalence. Calvo-Muñoz et al., included 27 studies 
(sample size range: 88 to 34,423, publication years:1984 to 2010) in a meta-analysis 
to determine whether gender is related to lifetime prevalence of LBP in adolescents 
and found no relationship.60 In this review, only 5 studies had a high methodological 
quality score. In a 2016 systematic review of risk factors for MSK pain in 
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 adolescents, Huguet et al., performed meta-analysis on 7 cohort studies (n=10,579) 
and found females were not more likely than males to develop MSK pain OR 1.28 
(CI: 0.86 to 1.91).25 The authors noted serious limitations due to significant 
heterogeneity across studies and publication bias.  
 
Regarding LBP in particular, lifetime prevalence estimates in adolescents vary widely 
across countries and regions from 27% to 49%.60 For example, lifetime prevalence of 
LBP has been estimated across Europe as 39% (CI: 31.4% to 47.2%) (21 studies), 
North America as 45.5% (CI: 25.5% to 67.0%) (3 studies), Oceania as 40.3% (CI: 
12.8% to 75.7%) (1 study), Africa as 27% (CI: 11.4% to 53.2%) (2 studies), and Asia 
as 49% (CI: 28.5% to 69.8%) (3 studies). Lifetime prevalence is the most frequently 
(30 studies, n=61,732) estimated prevalence period for LBP in adolescents, and 
ranges from 8.6% to 64.8% across studies.60 Expert consensus to standardise back 
pain definitions in prevalence studies suggest a prevalence period within the past 4 
weeks (1-month) is optimal.8 A total of 14 studies (n=23,191) have reported the 1-
month prevalence of LBP in adolescents, which ranges from 2.5% to 39.8% (mean 
18.3%, CI:12.8% to 22.5%, I2=99.2%).60 Small sample sizes and very high 
inconsistency across studies limit precise estimates of adolescent LBP prevalence, 
despite several studies in the field.  
 
Due to insufficient research, it is unclear the extent to which MSK conditions such as 
back pain coexist with other pain types in adolescents. In their systematic review, 
King et al found only 2 studies that estimated the prevalence of combined pain at 
yearly and monthly prevalence periods.30 A school-based sample of 20,745 
American adolescents aged 11 to 18 years found the yearly prevalence of MSK pain 
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 was 27%, headache 29% and stomach pain 18%.65 The prevalence of multiple 
symptoms was slightly higher than the annual prevalence estimates of single pain 
types, with 33% of respondents reporting multiple pain types. Conversely, a 
population-based prevalence study of 2,173 Icelandic adolescents aged 11-12 years 
and 15-16 years found the monthly prevalence of at least one of the three pains 
(back pain, headache, and stomach pain) to be much higher at 78.2%.66 In both 
studies the multiple pains varied according to age and gender, however the reason 
for the magnitude of these differences is unclear. The impacts of pain in adolescents 
also seems to be proportional to the increasing number of pain sites,67 for example, 
regarding ability to concentrate at school and frequency of medication use. The 
impact of multiple pains on health behaviours like physical activity remains unclear. 
 
Chapter 2 addresses issues in the study of prevalence of pain in adolescents by 
drawing on a large representative sample of adolescents from countries in North 
America and Europe. The sample size in Chapter 2 is approximately twice as large 
as the number of participants in all previous prevalence studies on adolescent back 
pain, and more than 10 times larger than the next largest study. This enables precise 
estimates to clarify differences in pain prevalence in adolescents by gender, age, 
country and multiple pain types. 
 
1.3 Pain and physical activity in young people 
1.3.1 Physical activity behaviours in adolescents 
Physical activity is broadly defined as ‘any bodily movement produced by skeletal 
muscles that requires energy expenditure’.68 Among other things, it is a protective 
health behaviour that has profound health benefits across the lifespan. In young 
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 people, physical activity is positively associated with cardiorespiratory, metabolic and 
psychological health, as well as bone strength and physical fitness.69-71 A systematic 
review of the health benefits of physical activity and fitness in school-aged children 
and youth found that the least physically active young people had 6.8 (CI: 5.1 to 9.0) 
times the odds of having metabolic syndrome than those who were most physically 
active.69 Given the health benefits of physical activity, public health agencies and 
non-governmental organisations have developed guidelines and implemented 
numerous initiatives to promote physical activity at national and international levels. 
The World Health Organisation (WHO), has established global recommendations on 
levels of physical activity for health.70 To be healthy, WHO recommends ‘children 
and young people aged 5–17 years old should accumulate at least 60 minutes of 
moderate- to vigorous-intensity physical activity daily’. Recent estimates of physical 
activity across 194 countries show between 70.5% (CI: 68% to 72.9%) and 94.8% 
(CI: 94.6% to 95.1%) of adolescents do not meet physical activity 
recommendations.72  
 
Physical inactivity is known to increase the risk of many non-communicable 
diseases. Physical inactivity is responsible for an estimated 6% of the global burden 
in coronary heart disease, 7% of type 2 diabetes, 10% of breast cancer, 10% of 
colon cancer and 9% of premature mortality.73 Participation in physical activity 
mitigates the risk of many health conditions74 including diabetes, high blood 
pressure, heart disease, asthma, and arthritis, as well as self-reported fair or poor 
health along the life-course.74 75 Physical inactivity and other unhealthy behaviours in 
adolescence track predictably into adulthood.76 The Amsterdam Growth and Health 
Study, followed 181 participants for 15 years and found 13 year-olds in the lowest 
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 quartile of daily physical activity had 3.6 times the odds (CI: 2.4 to 5.4) of remaining 
in the lowest quartile than those in the upper three quartile at 27 years of age.77 
Unhealthy behaviours including physical inactivity become more common during 
adolescence in response to numerous biological, psychological, sociocultural and 
environmental factors78 and this increases the odds of chronic diseases later in life.79 
In adolescence, multidimensional factors are associated with physical activity; 
factors include male sex (biological), self-efficacy (psychological), family and general 
social support (sociocultural), and access or proximity to recreation facilities 
(environmental).80  
 
1.3.2 Impact of pain on behaviour 
Pain behaviours describe the interaction between an individual with pain and the 
surrounding world.81 Thoughts, beliefs and emotional expressions surrounding pain, 
are thought to guide pain behaviours and coping mechanisms, which also provide a 
measure of the impact of pain in adolescents.32 There can be a great deal of 
variability between individuals’ behaviours despite apparent similarities in 
pathophysiological processes and pain symptoms. For example, some adolescents 
are not impacted by their pain experience, while for others pain can be physically 
and mentally disabling and linked to negative behaviours such as activity avoidance 
and functional impairments.32 40 Unlike acute pain, chronic pain behaviours are more 
frequently maladaptive. Chronic pain can generate negative thoughts and emotional 
distress (like catastrophising, anxiety and fear), which can impact activity and 
function as seen with avoiding movement in fear of pain due to movement or re-
injury.82 O’Sullivan et al., found that acute LBP interfered with physical activity in 
24% of adolescents with LBP, and chronic LBP interfered with physical activity in 
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 76% of cases.40 Similarly, Jones el al., found recurrent LBP prevented 31% of suffers 
from participating in sports or physical activity compared to 2% of acute LBP 
sufferers.39 This evidence suggests that chronic MSK pain in adolescents commonly 
impacts physical activity behaviour, which raises additional concerns about the effect 
of MSK pain on chronic diseases across the lifespan. 
 
1.3.3 Research challenges and knowledge gaps 
Despite the apparent link between MSK pain and physical activity in adolescents, 
significant knowledge gaps remain. Studies that explore this relationship do so 
almost exclusively by conceptualising physical activity/inactivity as an aetiological 
factor for the onset of MSK pain in adolescents rather than an impact thereof. There 
is a paucity of research that explores the association and impact of LBP on physical 
activity levels in adolescents.  
 
A moderate quality27 systematic review found 5 cross-sectional and 2 cohort studies 
with conflicting and unclear evidence for an association between physical activity 
and LBP in school children.83 Heterogeneity of physical activity measurements, 
which include type, intensity, and volume, likely explains the conflicting and unclear 
findings. For example, one study found high leisure physical activity was associated 
with an increase in LBP when activity was measured as metabolic equivalent and 
categorised as either low, moderate or high.84 Another study found physical activity 
was associated with a decreased risk of LBP when physical activity type was 
measured as distance walking or bicycling.85 A third study found no association 
between physical activity and LBP when activity was measured via metabolic rate 
hours.86  
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Regarding physical activity intensity, in adults there is thought to be a U-shaped 
relationship between back pain and physical activity intensity.87 A recent cohort study 
found no association between objectively measured sedentary activity, moderate-
vigorous physical activity and vigorous physical activity and the 2-year incidence of 
spinal pain in adolescents, with the exception of a very small association in the most 
active 10% of adolescents (OR 1.03 [CI: 1.01 to 1.05]).88 A recent study evaluated 
the impact of LBP on physical activity in adolescents. Coenen et al., (n = 1,249) 
mapped trajectories of self-reported LBP and impact on daily life in adolescents and 
young adults.89 They found the prevalence of back pain interfering with recreational 
physical activity at age 17 years was 14%, at 20 years was 18% and at 22 years was 
25%. It is currently unclear if back pain in adolescents has an impact on adolescents 
achieving various levels of physical activity, particularly on the recommended levels 
of moderate-to-vigorous or vigorous physical activities advocated for health and 
wellbeing. 
 
Chapter 3 draws on a large representative sample of adolescents from countries in 
North America and Europe to provide new insights into the association between back 
pain (as well as headache, stomach ache and combinations thereof) and physical 
activity in adolescents. 
 
1.4 Pubertal growth and musculoskeletal disorders 
1.4.1 Adolescence and puberty 
Adolescence marks a critical transitional period for human development and health.24 
90 It is a phase of life accompanied by a series of rapid and profound physical, 
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 psychological, and emotional changes.90 For more than 50 years the WHO has 
defined adolescence as the second decade of life, i.e. 10-19 years of age.91 
However, there are wide individual variations in the start and end points of pubertal 
and psychosocial changes in adolescents, which are not well anchored to 
chronological age.90-92  
 
Activation of the neuroendocrine hypothalamic-pituitary-gonadal axis is considered 
the biological process that marks the start of adolescence and puberty.91 93 In 
industrialised countries, the evolution of societies and changes in childhood health 
and nutrition has seen a downward shift in the age of major pubertal events such as 
menarche, which has reduced by approximately 4 years to 12–13 years in the past 
150 years.91 94 95 Puberty involves the overlapping and interlinked processes of 
adrenarche, gonadarche and growth spurts.91 Adrenarche occurs first between the 
ages of 6 and 9 years and is the maturation of the adrenal glands that produce 
adrenal androgens.91 93 At sufficient concentration adrenal androgens are primarily 
responsible for the production of axillary and pubic hair. In gonadarche, 
gonadotropins trigger the development of the primary sex organs leading to 
reproductive competence. Staging of the external signs of gonad and pubic hair 
development, whether by physical assessment or self-report, is the most common 
method of measuring puberty.93 The rate of growth and the age at peak height 
velocity provides an indication of the intensity and timing of adolescent growth spurt, 
respectively.96 Peak height velocity typically occurs during puberty around age 11 
years in girls and 13 years in boys.97 Pubertal development is usually measured in 
two ways: (1) pubertal status is the stage of physical maturation with no reference to 
16
 age, (2) pubertal timing is the stage of physical development at a given age, where 
an individual is either on or off time compared to same sex peers.98  
 
The endpoint of adolescence has historically been defined by the adoption of social 
roles such as marriage and parenting.90-92 However, as societies have changed, 
adolescents must now gain more education, financial and psycho-socio-cultural 
assets to successfully transition into adulthood in the modern workforce and 
economy.91 92 From the biological onset of puberty to social transitions of completion, 
adolescence occupies a greater portion of the life course than ever before. Experts 
in the field have recently made a compelling argument to widen the definition of 
adolescence to chronological ages from 10 to 24 years (as WHO currently defines 
young people), to better fit the concept of adolescence to a contemporary world.91 92 
During adolescence, biological processes of puberty interact within the social 
environment to affect adolescent development and health. 
 
1.4.2 Puberty and health 
Pubertal changes typically propel adolescents to peaks in strength, speed, and 
fitness analogous with good physical health. However, puberty and the timing of 
adrenarche also marks a transition period for increased health risks and the 
emergence of many physical, mental, and behavioural disorders.92 99 For example, 
the global burden rate of depressive disorders increases approximately 10-fold from 
28 YLD per 100,000 at age 5-9 years to 238 YLD per 100,000 at age 10-14 years, it 
more than doubles again to 527 YLD per 100,00 at age 15-19 years, and increases 
to 615 YLD per 100,000 at age 20-24 years.100 Since 1990, the number of YLD 
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 attributed to major depression disorders has increased by 10.8% in people aged 10-
24 years.100  
 
The increasing prevalence of psychosocial health disorders in adolescents is thought 
to relate to the growing mismatch between biological and social maturation.90 
Adolescents are now later in adopting mature social roles and responsibilities such 
as marriage, parenthood, and employment, at the same time earlier in initiation of 
sexual activity and substance use, as two examples. Substance abuse is but one 
adverse health behaviour associated with rising mental health disorders55 101 102 in 
young people. For example, in early adolescence developmental mismatch between 
insufficient cognitive capacities (i.e. a physically immature brain pre-frontal cortex, 
which regulates self-control and mature judgement) and emotional reactions to 
powerful social forces (such as global connectedness through social media) may 
undermine health behaviours and lifestyle choices and create behavioural 
problems.90 91 99 Puberty has traditionally been considered the trigger of biological 
processes that initiate psychological and social development.92 99 It is now apparent 
that social and cultural norms and lifestyles are important drivers of development and 
health. 
 
Risky health behaviours, specifically drug and alcohol abuse are the leading causes 
of mental health disorders in young people aged 10-24 years, explaining 14% of the 
global burden of mental health disorders.100 The above example illustrates how the 
integration of biopsychosocial factors determine health and health behaviours in 
adolescents. Whether or not adolescents experience health problems may have 
either protective or adverse effects on disease risk in the short or long term (i.e. 
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 establish susceptibility or resilience).24 The timing of biological events and overly 
rapid change in particular are thought to adversely affect some individuals, rendering 
them vulnerable to certain health conditions including MSK disorders. 
 
1.4.3 Pubertal development as a risk factor for MSK pain 
Rapid or early pubertal changes and adolescent development are thought to be 
associated with an increased risk of MSK pain and injuries.90 The global burden of 
MSK disorders, increases 6 fold from 39 YLD per 100,000 at age 5-9 years to 236 
YLD per 100,000 at age 10-14 years, nearly triples to 649 per 100,00 at age 15-19 
years, and increases again to 1,037 YLD per 100,000 at age 20-24 years.100 Hence, 
common MSK pain conditions begin and worsen across adolescence. The 
increasing rate of LBP (and other pains like headache and stomach pain) during 
adolescence is thought to be associated with pubertal status in both boys and girls.98 
103 104 Potential mechanisms include: (1) rapid growth spurts increasing susceptibility 
to mechanical injuries or vulnerability to mechanical loading, and (2) gonadal 
hormone induced changes which may alter pain thresholds, attitudes and 
perceptions.105 In addition to LBP, specific MSK disorders such as idiopathic 
scoliosis and slipped femoral epiphysis are thought to be linked to peak growth 
velocity during adolescence, as are Osteochondroses such as Scheuermann’s 
disease, Osgood-Schlatter’s disease, and osteochondritis dissecans.106 107 Growing 
pains are thought to be a MSK condition linked to low bone mass during rapid bone 
growth.108 109 Despite the supposed association between puberty and MSK disorders 
in adolescents, the field is limited by scant epidemiological evidence and knowledge 
gaps. 
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 1.4.4 Research challenges and knowledge gaps 
There is no comprehensive synthesis of evidence regarding the association between 
pubertal development and MSK pain. Only one systematic review evaluates whether 
puberty is a risk factor for back pain in youth, but it did not include key indicators of 
growth rate and timing of growth spurts which have previously been linked to MSK 
pains.110 This review included only four studies (one longitudinal, three cross-
sectional) in a narrative synthesis. A logistical challenge to researchers in the field is 
the measurement of growth rate and growth spurts. This requires longitudinal 
research with brief and regular follow-up intervals to estimate the timing of biological 
events such as peak height velocity. Another challenge is the variations to pubertal 
staging (4 or 5 stage categories), and the reliability of different staging measurement 
methods (for example staging questionnaire, telephone interviews or physical 
examination) across geographically diverse samples. To test aetiological 
mechanisms, it is also necessary to account for all important potential confounders 
such as demographic, biomechanical, psychosocial or lifestyle behavioural factors. 
There remains much uncertainty as to whether pubertal development is a risk factor 
for MSK pain in adolescence.  
 
Chapter 4 evaluates the relationship between growth, maturation (as determined by 
markers of biological maturation) and MSK conditions in adolescents by 
systematically reviewing and synthesising the available literature.  
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 1.5 Knee pain in adolescents and young people 
1.5.1 Frequency, consequences and risk factors 
Knee pain is the second most prevalent MSK disorder across the lifespan,111 and the 
most common MSK disorder in adolescents.10 112 At the population level, monthly or 
more frequent knee pain affects 32.3% (CI: 30.6% to 34.0%) of adolescents aged 
12-19 years.10 A 3-year cohort study of 1,465 schoolchildren aged 8-14 years found 
the annual prevalence of lower extremity pain was 50%, and of those with lower 
extremity pain 15% had knee pain diagnosed on clinical examination.113 In 
adolescents, non-traumatic episodes of knee pain were 6 times more likely than 
traumatic episodes.113 Patellofemoral pain (PFP) is the most common type of non-
traumatic knee pain, typically affecting adolescents and active young adults. A recent 
systematic review and meta-analysis reports the pooled point prevalence of PFP in 
adolescent boys and girls to be 7.2%, with higher estimates in adolescent female 
athletes.114 Proposed mechanisms include increased physical activity and short 
periods of unaccustomed repetitive or excessive loading in activities like squatting, 
running, climbing, and descending stairs.114 Adolescents with knee pain report 
poorer knee function, lower health-related quality of life and lower self-reported 
health than adolescents without knee pain.115 116 Importantly, adolescents with 
persistent PFP are more likely to reduce or stop sports participation.116  
 
Lower extremity pain,117 specifically knee pain,118 119 is the most common type of 
pain for which adolescents and young adults seek healthcare. The high consultation 
rate has been attributed mostly to sprains of the knee, acquired during exercise or 
sports.120 Almost 60% of adolescents who report monthly or more frequent knee pain 
seek medical care for their knee pain.121 Adolescents with traumatic onset knee pain 
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 typically experienced pain of higher severity and are more likely to seek medical care 
than those with non-traumatic knee pain, such as PFP.121 While PFP leads to less 
medical care seeking, it more frequently persists and disables over time, compared 
to traumatic knee pain.116 122  
 
Risk factors for adolescent knee pain are unclear due to the small number of studies 
focusing on non-specific knee pain, and inconsistent associations. Despite this, 
proposed factors include female sex, sport participation, obesity and older age.123-126 
Regarding chronic knee pain, high pain severity, female sex, leisure time sports 
participation and low health related quality of life are thought to be risk factors for 
persistent knee pain in adolescence.116 122 124 However, there are few reliable data 
that describe the progression of knee pain outcomes in adolescents over time.  
 
1.5.2 Course and prognosis  
The body of evidence that underpins knowledge on the natural history, clinical 
course, and prognostic factors for MSK pain in adolescents is comprised of a small 
number of studies.25 27-29 For other types of pain such as headache and stomach 
ache the evidence base is sparse or non-existent.28 29 
 
A 3-year cohort of Danish school children found that adolescents who experience 
lower extremity pain reported on average 2.5 episodes of pain per year that lasts on 
average 3-weeks. Although 50% of adolescents with lower extremity pain recovered 
within 1-week, 20% experienced lower extremity pain for 12 or more weeks.113 
Another prospective school-based cohort study found approximately half of all 
adolescents with knee pain reported ongoing pain at 1-year124 and 2-year116 follow-
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 ups. Adolescents with knee pain were 4.5 (CI: 3.2 to 6.5) times more likely to have 
knee pain at 2-year follow-up compared to those without knee pain at baseline.116 
Adolescents diagnosed with PFP were at higher risk of developing knee pain 2-years 
later compared to adolescents with other types of knee pain (relative risk (RR) 1.3 
[CI: 1.1 to 1.5]).  
  
Huguet et al., recently conducted a high quality27 systematic review on prognostic 
factors for persistent MSK pain in adolescents.25 While 38 prognostic factors were 
identified, only 5 (negative emotional states, high functional limitations, high body 
mass index, female sex, and older age) have been evaluated in 3 or more cohorts, 
so the overall quality of evidence for each factor was rated as low or very low.25 It is 
currently unclear which factors, if any, predict the clinical course of MSK pain in 
adolescents. Only one study has attempted to determine the prognosis of non-
traumatic knee pain in adolescence, albeit in a sample consisting of both 
adolescents and adults aged 12-35 (n=172).127 This study provides estimates for 
unspecified knee pain persisting at 1-year and 6-years of 41% and 19%, 
respectively. Prognostic factors identified with knee pain at 1-year follow-up were 
BMI>25 (OR 3.7 [CI: 1.3 to 10.4]), low/middle education level (OR 6.0 [CI: 2.0 to 
18.1]), bilateral symptoms (OR 2.6 [CI: 0.9 to 7.4]) and self-reported absence of 
crepitus in the knee (OR 0.3 [CI: 0.1 to 1.2]).127 However, caution is required when 
interpreting these findings due to high risk of bias associated with the study design 
and analyses. It was limited by common methodological issues of small sample size, 
long follow-up intervals and high loss to follow-up (42.4% of participants). No data is 
currently available on the short-term recovery of knee pain in clinical cohorts of 
young people. There is a need to track recovery with short follow-up intervals to 
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 understand factors that contribute to initial recovery and transitions to persistent 
knee pain in adolescents. 
 
1.5.3 Research challenges and knowledge gaps 
To accurately and reliably measure the course and prognosis of adolescent MSK 
pain requires large prospective studies that are expensive and logistically 
challenging. For example, in a 3-year study on trajectories of adolescent pain, Dunn 
et al. initially contacted 4,073 adolescents and enrolled 1,996 via a 30-minute 
telephone survey (recruitment rate 49%).128 Follow-ups occurred every three months 
via prepaid-return postal questionnaire (a total of 10 follow-ups). At each follow-up, 
non-responders were contacted by telephone and repeat envelopes were sent if 
needed. The final follow-up telephone survey (a replicate of baseline) was completed 
by 1,336 adolescents (follow-up rate 67%). Participants were compensated $5 
(voucher) at baseline and after each postal questionnaire, and compensated $10 for 
completion of the final follow-up128 This example illustrates several challenges facing 
longitudinal studies that track the course of pain over time: (1) they are burdensome 
on the researcher’s and participant’s time, (2) they are logistically complex with many 
participants being tracked across multiple time-points for a long period, (3) rates of 
participant attrition are high and (4) they are expensive in terms of participant 
remunerations and research staff costs.  
 
Measurement of adolescent MSK pain is typically based on self-reported episode 
frequency, without measurement of intensity or impact. For example, at 3-months 
follow-up Dunn et al. asked participants whether pain was present ‘‘almost every 
day,” ‘‘more than half the days” or ‘‘fewer than half the days” in the past 3 months.128 
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 Participants were then grouped into two categories for analysis: (1) pain on more 
than half the days in the last 3 months (including almost every day), (2) pain on less 
than half the days in the last 3 months or no pain in last 3 months, at each follow-up 
time point. Hence, the severity of pain conditions (i.e. pain intensity or interference 
with ADLs) was not recorded.  
 
Follow-up measurements of MSK pain have traditionally been taken too infrequently 
to track the initial rapid improvement that commonly occurs in adolescent MSK pain 
cases. Fuglkjær et al., have recently overcome this problem by collecting measures 
at weekly time intervals.113 Communication technology, specifically mobile telephone 
text message questions (SMS questions), were used to monitor MSK pain in 1,465 
adolescents over 3-years. The SMS questions were sent to parents every Sunday 
evening: (1) about presence or absence of MSK pain in their child and, (2) about the 
child’s sports participation. If a parent reported pain in their child, they were 
contacted by telephone and interviewed about the nature of their child’s pain. While 
this study uses technology to overcome the logistical burden of shorter duration 
follow-up points it also has some limitations as it directs SMS questions to parents 
rather than children. It is well established that parents tend to poorly interpret and 
underrate the impact of pain and injury in their children.37 129-131 In this study there 
was poor concordance of parent versus child pain measures, children commonly 
experienced pain that was not reported by their parents.132 Finally, this study was not 
conducted in a clinical sample of adolescents, and no published research exists that 
reports on the clinical course (i.e. recruited from a clinical sample) of low back or 
knee pain in adolescents over time.25 27 There is a need to devise research studies 
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 that are logistically feasible to capture the necessary information to better inform 
clinical decision making.  
 
Chapter 5 addresses this need by conducting a feasibility study that uses electronic 
methods of data collection to follow the short-term clinical course of knee pain in 
adolescents. 
  
1.6 Anterior cruciate ligament injuries in young people 
1.6.1 Epidemiology 
The anterior cruciate ligament (ACL) is an important stabilising structure inside the 
knee, protecting the joint against excessive translational and rotational movements. 
Disruption of the ACL is of concern as it renders the knee vulnerable to pathological 
movements, particularly during dynamic physical activities. In adolescents, the knee 
is the most common site of traumatic injury causing pain.133 While knee injuries are 
typically from minor trauma, a tear to the ACL typically follows major trauma. Most 
commonly (60%), ACL injuries follow non-contact trauma134 at the knee via side-
stepping, pivoting or decelerating during sporting activities. The remaining injuries 
follow traumatic contact134 (40%) either directly at the knee or at another body site 
such as the hip while the foot is in contact with the ground. Surgical reconstruction 
data provides a method to estimate the annual incidence of ACL injuries.135 136 Albeit, 
national registries of hospital administration and surgery are known to underestimate 
the true population incidence of injury occurrence.137 The National Hospital Morbidity 
Database of the Australian Institute of Health and Welfare shows the overall 
incidence of ACL injury is greatest among 15 to 24-year olds.136 The peak incidence 
of ACL injuries for males was 20 to 24-year olds (283 per 100,000 population); and 
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 for females, 15 to 19-years olds (164 per 100,000 population).136 In countries where 
females participate more frequently in high risk sports, they have a higher national 
incidence rate of ACL injury than males.138 Australian data are consistent with recent 
studies from elsewhere;139 140 recent trends over the past two decades show the 
greatest annual growth in the incidence of ACL surgeries was in people aged 5 to 
14-years (boys, 7.7%; girls, 8.8%).136 The recent growth in ACL reconstruction rates 
in young people has been attributed to several factors,140-142 including: (1) improved 
methods of diagnosis,135 (2) higher/more intense participation rates in organised 
sports at a younger age, and (3) increased participation at a higher level, particularly 
in high risk sports with pivoting, jumping and rapid deceleration, such as soccer, 
basketball and Australian rules football.134 143 144 However, low quality evidence 
underpins knowledge pertaining to risk factors for ACL injury.145 In addition to sport 
participation, other proposed risk factors for ACL injury include female sex, and 
anatomic, hormonal, neuromuscular, and biomechanical factors.146 Females have a 
higher rate of ACL injury than males when exposed to the same sport.138 Girls also 
appear to be more severely affected by ACL injury, more often requiring surgery and 
not returning to sports participation.147 148 
 
1.6.2 Impact of anterior cruciate ligament injury 
ACL injuries in young people have important short and long-term impacts. The short-
term impacts of ACL injuries include acute knee pain and disability, time lost from 
school and sport affecting academic performance and mental health,149 as well as 
healthcare use, surgery and associated costs. Trentacosta et al., measured the 
school impacts of ACL injury on adolescent athletes that underwent ACL 
reconstruction and found on average they missed 9.5 ± 17.4 days of school, with all 
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 cases reporting negative impacts on their grades.150 In a one-season prospective 
study of 1,263 high school girls, Hewett et al., found that every case of ACL injury 
was season ending for soccer and basketball participation.151 Traumatic knee pain118 
119 is the most common pain condition for which adolescents and young adults seek 
medical care.106 109 The high consultation rate has been attributed mostly to sprains 
of the knee acquired during exercise or sports.120 In Australia, hospital-admissions 
data shows the rate of adolescent ACL injury has increased from 2.7 to 6.8 injuries 
per 100,000 population between 2005 and 2015.152 Of those adolescents admitted 
with ACL injury, 98.4% were managed by surgical intervention, 77.2% of patients 
required 2 days in hospital (the other 22.8% spent 2-7 days).135 The remaining 1.6% 
of ACL injury cases were managed non-surgically via allied health (physiotherapy) 
interventions. Trentacosta et al., found American adolescent athletes that underwent 
ACL reconstruction attended physical therapy on average 2.9 ± 0.5 times per week 
for 4.8 ± 2.3 months.150 Gianotti et al., conducted a population level study in New 
Zealand 2000-2005 and reported the average costs and number of 
treatment/rehabilitation visits for ACL injuries as an indicator of severity.134 On 
average, ACL injuries required 14.3 ± 0.2 pre-surgery visits, 12.5 ± 0.1 post-surgery 
visits, at a total mean cost of $11,157 ± $110 per ACL injury.134 In the long term, 
athletes with ACL injuries are more likely to develop knee osteoarthritis and 
subsequent pain, disability and reduction in sport participation. A systematic review 
of long-term follow-up studies found a 50% probability of knee osteoarthritis 20 years 
post ACL injury.153 The increasing trend of ACL injuries in adolescents has long term 
consequences, with more people at risk of developing osteoarthritis and associated 
health problems.154 ACL injuries in children and adolescents translate to earlier 
cases of degenerative knee pain and functional limitations, starting in the twenties 
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 and thirties.149 Given the potential impacts of ACL injury, consensus of expert 
opinion recommends timely diagnosis and effective management to protect 
vulnerable knee structures like the meniscus and hyaline cartilage from further 
damage (secondary injury).155 
 
1.6.3 Diagnosis  
Diagnosis is currently thought to provide the basis of clinical decision-making, the 
primary guide of treatment choice, and the core function of primary care.156 157 In 
current models of practice, a clinician must first identify the presence, or absence, of 
clinical features of ACL injuries. In this approach a thorough clinical history, physical 
examination and imaging as indicated enables a clinician to construct a clinical 
picture to make an accurate diagnosis. Various expert commentators have described 
indicative clinical characteristics of ACL injury.149 History findings include pain, knee 
effusion, reduced range of motion, difficulty weight bearing, a pop at the time of the 
injury, and giving way or difficulty with cutting, twisting or jumping sports. Physical 
examination findings include acute effusion, and a positive Lachman, anterior drawer 
and/or pivot shift test. Imaging is commonly sought, first X-ray to rule out fracture, 
followed by magnetic resonance imaging (MRI) to confirm the diagnosis.  
 
Recently, the International Olympic Committee (IOC) published a consensus 
statement on prevention, diagnosis and management of paediatric ACL injuries.155 
An expert group of physiotherapists and orthopaedic surgeons aimed to provide a 
comprehensive evidence-informed summary to support clinicians. They advocate for 
timely and accurate diagnosis and contend that a thorough history and clinical 
examination will enable the clinician to make an accurate diagnosis. The consensus 
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 statement offers three clinical pearls: (1) haemarthrosis is an important clue for 
paediatric ACL injury; (2) diagnosis in children can be more challenging because of 
poor recall, greater pre-injury laxity, and difficulty with MRI interpretation; (3) there is 
an increased likelihood of different knee injuries associated with an immature 
skeleton (e.g. epiphysiolysis). The IOC statement does not specifically mention the 
accuracy of clinical tests. Instead, it suggests there is limited performance of clinical 
tests (broadly) as well as MRI, citing a single study by Kocher et al.158 This study 
consecutively enrolled participants in the paediatric age range (mean 11.9 years, 
range 3-16 years) and assessed clinical diagnosis as an index test, on the basis of 
composite history, physical examination, and standard radiographs. Therefore, the 
discrete elements of clinical diagnosis (namely, history and physical examination) 
were not evaluated. There is some discrepancy between traditional expert opinion 
and the more recent expert consensus statement. There remains uncertainty 
surrounding the accuracy of clinical tests for the diagnosis of ACL injuries, which 
may explain high rates of missed initial and delayed diagnoses.159 160 Diagnostic 
uncertainty, defined as “the subjective inability of a clinician to provide a clear 
pathological cause and label that explains symptoms and leads to a selection of an 
intervention to cure a problem,” has important implications for people seeking care 
as it is thought to negatively impact the course of pain.161 
 
1.6.4 Diagnostic research, challenges and knowledge gaps 
Diagnostic accuracy research aims to assess a test’s ability to rule in (confirm) or 
rule out (exclude) a disease. It does this by comparing the performance of an index 
test (such as a clinical test for ACL injury) against a reference test (i.e. a ‘gold 
standard’) that is thought to be the best way to diagnose a target condition (e.g. 
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 arthroscopic visualisation of the ACL). The participants in a primary diagnostic 
accuracy study are categorised according to the outcome of both the index test and 
reference test as either truly positive, falsely positive, truly negative, or falsely 
negative, from which summary statistics such as sensitivity and specificity can be 
calculated.  
 
Five systematic reviews have been conducted to summarise and synthesise 
research on the accuracy of clinical tests for the diagnosis of ACL injury.162-166 These 
reviews generally provide positive accounts of evidence in favour of the diagnostic 
accuracy of clinical examination methods. Reviewers frequently qualify the accuracy 
of physical tests according to the experience or type of healthcare provider. For 
example Solomon et al., state the accuracy of tests when “performed by orthopaedic 
physician are highly predictive.”165 Jackson et al, share this sentiment about the 
accuracy of physical tests, which “is remarkably good in the hands of a trained 
examiner.”163 Scholten et al., explain the rationale for this, “because primary care 
physicians will be less experienced in performing these tests, the tests will 
presumably be less accurate in a primary care setting.”164 However, systematic 
reviews to date have not differentiated primary care from other care settings to test 
this hypothesis.  
 
The reviews to date provide inconsistent recommendations about the accuracy of 
specific physical tests used to diagnose ACL injuries. For example, Benjaminse et 
al., state “based on this meta-analysis, our study clearly indicates that the Lachman 
test has a high diagnostic accuracy in terms of sensitivity and specificity,”162 which 
differs from Scholten et al., who also performed meta-analysis where “the pivot shift 
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 test seems to have favourable positive predictive value, and the Lachman’s test 
good negative predictive value”.164 Scholten et al., also state that the anterior drawer 
test is of unproven value. Hence, there is much uncertainty around the use of 
specific clinical tests, particularly when applied to young populations (considering 
differences in young and adult joints) and in primary care settings where most people 
with knee injuries initially present.  
 
Two of the most important challenges to the field are the problems of verification 
bias167 and selection bias.168 Verification bias occurs when a study includes only 
participants that have been ‘verified’ by a reference test. In practice, this means that 
only a subset of patients gets the reference test, usually because it is expensive, 
invasive or risky. Verification bias generally results in overestimation of the accuracy 
of an index test.167 Selection bias occurs when a diagnostic test is evaluated in a 
less representative sample, which results in inaccurate findings.168 While this has 
been identified as a problem in systematic reviews162 164 166 there has been no 
attempt to control for this in the selection of included studies. Three of the five 
reviews to date performed appraisal of methodological quality of included studies,162 
164 166 however, none report the accuracy of clinical tests alongside the risk of bias 
(RoB) within a given study. This is important as biased studies report inflated 
accuracy estimates, for example the sensitivity of a test will be higher when 
practitioners conducting the clinical test are not blind the to the results of the 
reference standard.166 Recent advances in tools that appraise quality in diagnostic 
accuracy studies, such as the QUADAS-2 enable researchers to more transparently 
rate RoB and applicability concerns in studies that evaluate the diagnostic accuracy 
of clinical tests.169  
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Chapter 6 is a systematic review that evaluates the accuracy of clinical tests in the 
diagnosis of ACL injury and appraises the quality of research evaluating these tests. 
 
1.7 Thesis aims 
This thesis aims to examine issues surrounding pain and injury in adolescents and 
young adults.  
 
Specifically, the thesis aims to: 
1. Estimate the prevalence of back pain, headache and stomach pain in 
adolescents and explore the extent to which these pain conditions coexist. 
2. Evaluate whether back pain, headache and stomach pain, or combinations 
thereof affect the likelihood of achieving guideline recommendations for 
moderate-vigorous physical activity. 
3. Determine whether there is a relationship between physical growth rate and/or 
stage of pubertal development, and musculoskeletal pain in adolescents. 
4. Determine the feasibility of recruiting, retaining, and following up a prospective 
cohort of young people with knee pain presenting to primary care, using 
electronic data collection methods (SMS and online questionnaire). 
5. Evaluate the diagnostic accuracy of clinical tests for the diagnosis of ACL 
injury and describe the quality of research evaluating these tests. 
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Chapter Two 
An international survey of pain in adolescents 
 
“It you’re trying to achieve, there will be roadblocks. But obstacles don’t have to stop 
you. If you run into a wall, don’t turn around and give up. Figure out how to climb it, 
go through it, or work around it.” 
- Michael Jordan 
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Michael Steven Swain1,2*, Nicholas Henschke2,3, Steven James Kamper2,4, Inese Gobina5, Veronika Ottová-Jordan6
and Christopher Gerard Maher2Abstract
Background: A common belief is that pain is uncommon and short lived in adolescents. However, the burden of
pain in adolescents is unclear because of limitations in previous research. The aim of this study is to estimate the
prevalence of headache, stomach-ache and backache in adolescents and to explore the extent to which these three
forms of pain coexist based upon a representative sample of adolescents from 28 countries.
Methods: Data were analysed from three consecutive waves (1997/98, 2001/02 and 2005/06) of the Health
Behavior in School-aged Children: WHO Collaborative Cross-National survey (HBSC). Prevalence estimates are based
upon adolescents who reported experiencing headache, stomach-ache or backache at least monthly for the last
6 months.
Results: There were a total of 404,206 participants with a mean (±SD) age of 13.6 (±1.7) years (range 9.8 to
17.3 years). The prevalence of headache was 54.1%, stomach-ache 49.8%, backache 37%, and at least one of the
three pains 74.4%. Girls had a higher prevalence of the three pains than boys and the prevalence of pain increased
with age. Headache, stomach-ache and backache frequently coexist, for example, of those with headache: 21.2%
had headache alone, 31% suffered from both headache and stomach-ache, 12.1% suffered from backache and
headache, and 35.7% had all three pains.
Conclusions: Somatic pain is very common in adolescents, more often coexisting than occurring in isolation. Our
data supports the need for further research to improve the understanding of these pains in adolescents.
Keywords: Pain, Adolescent, Prevalence, Epidemiology, World Health Organisation, HBSCBackground
Adolescence marks the transition from childhood to
adult life. Pain during adolescence is an important pre-
dictor of future pain [1-3]. A Danish twins study [4]
found adolescents with persistent low back pain were
3.5 times more likely to have low back pain in adult-
hood. Co-occurrence of low back pain and headache in
adolescence further increases the risk of developing fu-
ture pain which draws attention to the significance of
multiple pains [4].
Similar to adults, substantial economic costs can be at-
tributed to pain in adolescents by way of direct medical
costs, parental work absence and childcare expenses
[5,6]. In adulthood the estimated cost of pain-related lost* Correspondence: michael.swain@mq.edu.au
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54productivity time is $61.2 billon a year in the United
States [7] with headache and back pain the leading con-
tributors to this cost. In Europe the total cost of head-
ache alone is estimated to exceed €20 billion per year
[8]. Given the apparent link between adolescent pain
and pain in adult life, steps to better understand and
prevent adolescent pain are appropriate. An important
first step in public health management is to identify the
extent of the problem.
A number of systematic literature reviews have previ-
ously investigated the prevalence of headache [9,10], ab-
dominal pain [10] and back pain [10,11] in children and
adolescents. However, meaningful synthesis of the re-
search in this area is hampered by the poor quality of
the original studies. King and colleagues’ review [10]
noted a considerable number of relatively small studies
that yield imprecise estimates of prevalence, which are
inadequate to make inferences at a global level. Between
the studies there are large differences in the age rangetd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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instruments used to measure pain. Not surprisingly King
et al’s review noted that the estimates of chronic pain
prevalence vary substantially between studies (headache
8–83%; abdominal pain 4–53% and back pain: 14–24%);
and there were inconsistent conclusions on the effect of
age, region, psychosocial, and demographic factors on
pain prevalence.
The study of prevalence from large, generalisable sam-
ples is critical in epidemiology and a paucity of such
studies exists with regard to pain in adolescence. The
World Health Organisation (WHO) monitors the health
and behaviour of school-aged children via a survey con-
ducted every four years [12,13] which enables the explor-
ation of adolescent pain from a more global perspective.
This dataset has advantages over previous studies in this
area because it is derived from a large multi-national
study using standardised methods of data collection. The
‘Health Behaviour in School-aged Children: WHO Col-
laborative Cross-National survey (HBSC)’ dataset has ad-
vantages over previous studies in this area because it is
derived from a large multi-national study across Europe,
North America, and Israel, using standardised methods
of data collection. The purpose of the current study is to
estimate the prevalence of headache, stomach-ache and
backache in adolescents as well as explore the extent to
which these pain conditions coexist using this data.
Methods
Study design and sample
Data were obtained from three consecutive waves (1997/
98, 2001/02 and 2005/06) of the ‘Health Behaviour in
School-aged Children: WHO Collaborative Cross-National
Survey (HBSC)’. The HBSC research network is an inter-
national alliance of researchers that conduct four-yearly
cross-national surveys. Data is collected from 11-, 13- and
15-year-olds regarding their health, well-being, social envi-
ronments and health behaviours. A standardised research
protocol has been developed by the HBSC research net-
work for the purpose of securing valid, reliable, and com-
parable data.
The HBSC study design, methods and data collection
dates have been described in detail elsewhere [14-16].
Three age groups – mean of 11.5, 13.5 and 15.5 years –
are sampled via administration of surveys within school
classes. For the majority of participating countries a na-
tionally representative sample is drawn. The primary
sampling unit is the school class or, where a sample
frame of classes is not available, the whole school. In the
latter circumstances sampling is performed across school
grades to account for students that have been advanced
or held back. Cluster sampling is therefore used in which
the primary sampling unit is the class (or school) rather
than the individual student. The desired sample size for55each age group is 1500 students per country (750 per
gender). Once data is collected from the participating
countries files are exported to the HBSC data banks
where data is checked and cleaned in accordance to strict
criteria. A list of participating researchers, countries and
select reports can be found at http://www.hbsc.org.
Instrument and variables
Data from 28 countries across Europe, North America
and Israel were extracted for this study. In Belgium sep-
arate surveys were conducted for Flemish and French
speaking regions. Respondent demographics (gender, age
and country) and data from the HBSC symptoms check-
list (HBSC-SCL) were accessed. Responses to questions
pertaining to headache, stomach-ache and backache were
extracted for evaluation. The frequency of the respective
pains was listed as a single multipart question: “In the
last 6 months, how often have you had the following?” a
list of symptoms included: headache, stomach-ache and
backache. For each type of pain, respondents were re-
quired to specify the frequency of pain in the last six
months on a five point scale: (1) “about every day”; (2)
“more than once a week”; (3) “about every week”; (4)
“about every month”; or (5) “rarely or never”. No details
regarding the duration and intensity of somatic pain were
available. The HBSC-SCL enables comparable assessment
of pain across countries, age groups and genders [17].
Data analysis
The prevalence of headache, stomach-ache and backache
was estimated by analysing the combined data from the
1997/98, 2001/02 and 2005/06 survey waves. Prevalence
estimates are based upon adolescents who reported ex-
periencing headache, stomach-ache or backache at least
every month for the last 6 months. Prevalence rates were
calculated and then plotted using SigmaPlot version 12.
The extent to which the three forms of pain coexist in
adolescents was explored by constructing frequency dis-
tribution tables and cross-tabulation using SPSS version
20. Membership of the clusters of coexisting pains was
illustrated using a three set area-proportional Venn dia-
gram using an applet based on the method described by
Chow and Rogers [18]. Univariate logistic regression
models were constructed to investigate the odds of ex-
periencing an individual pain type which also coexisted
with another pain type. These were carried out using
Statistical Analysis System (SAS) version 9.3.
Results
Data from a total of 404,206 adolescents in 28 countries
were available for analysis. Individual participants’ age
ranged from 9.8 years to 17.3 years. For 11-, 13-, and
15-year age groups the mean age of respondents was
11.6 years, 13.6 years and 15.6 years respectively. There
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the three waves were of similar size (Table 1).
Headache was the most prevalent of the three pain con-
ditions in adolescents. The percentage of adolescents (95%
confidence interval) who reported a headache monthly or
more frequently was 54.1% (54.0% to 54.3%), stomach-
ache was 49.8% (49.6% to 49.9%) and backache was 37%
(36.8% to 37.1%). Figure 1 shows the frequency distribu-
tion of somatic pain in adolescents. The prevalence ofTable 1 Descriptive statistics of participants
Age Mean: 13.6 years (SD: 1.7 years)
n %
Gender Boy 197094 (48.8%)
Girl 207112 (51.2%)
Country Austria 13636 (3.4%)
Belgium - Flemish 15424 (3.8%)
Belgium - French 11304 (2.8%)
Canada 16858 (4.2%)
Czech republic 13497 (3.3%)
Denmark 15479 (3.8%)
England 17237 (4.3%)
Estonia 10360 (2.6%)
Finland 15501 (3.8%)
France 19473 (4.8%)
Germany 17716 (4.4%)
Greece 11821 (2.9%)
Greenland 3905 (1.0%)
Hungary 11305 (2.8%)
Israel 16401 (4.1%)
Latvia 11501 (2.9%)
Lithuania 15790 (3.9%)
Norway 14760 (3.7%)
Poland 16733 (4.1%)
Portugal 10580 (2.6%)
Rep. of Ireland 12163 (3.0%)
Russia 20265 (5.0%)
Scotland 16226 (4.0%)
*Slovak republic 7671 (1.9%)
*Spain 14718 (3.6%)
Sweden 12143 (3.0%)
Switzerland 14820 (3.7%)
USA 14086 (3.5%)
Wales 12833 (3.2%)
Wave 1997/98 122386 (30.3%)
2001/02 135067 (33.4%)
2005/06 146756 (36.3%)
(*Waves and countries without HBSC-SCL data: Spain 1997/98, Slovak
republic 2001/02).
56headache, stomach-ache and backache stratified by coun-
try is presented as supplemental information (Additional
file 1: Figure S1, Additional file 2: Figure S2 and Additional
file 3: Figure S3). There was some variation in pain preva-
lence across the 28 countries, but in no countries were any
of these three pains uncommon. The lowest pain preva-
lence was stomach-ache in Portuguese adolescents which
affected 22.8% (22.0% to 23.6%).
The three pains were more prevalent in girls and older
adolescents (Figure 2). The prevalence in girls vs. boys
was: headache 60.4% (60.1% to 60.6%) vs. 47.5% (47.3% to
47.7%); stomach-ache 59.5% (59.3% to 59.7%) vs. 39.4%
(39.2% to 39.6%), and backache 38.9% (38.7% to 39.1%)
vs. 35.0% (34.8% to 35.2%). The increase in prevalence
from 11 to 13 to 15 years for headache was 48.3% (48.0%
to 48.5%), 54.8% (54.5% to 55.1%) and 59.4% (59.1% to
59.7%); for stomach-ache was 45.1% (44.8% to 45.4%),
50.8% (50.5% to 51.1%) and 53.4% (53.2% to 53.7%); and
for backache 27.4% (27.2% to 27.7%), 37.0% (36.7% to
37.2%) and 46.7% (46.5% to 47.0%).
The prevalence of having at least one of the three
somatic pains was 74.4% (74.3% to 74.6%), with 47.3%
(47.1% to 47.4%) of adolescents reporting two or more
of the three pain conditions (Table 2). Girls experienced
multiple pains more frequently than boys and multiple
pains became more prevalent as age increased across
adolescence. The prevalence of multiple pains stratified
by gender and age is presented as supplemental informa-
tion (Additional file 4: Figure S4).
Figure 3 proportionally represents the extent to which
the three pains coexisted in adolescents. It can be seen
that each of the three pains commonly coexist with one
or both of the other pain conditions. For example, of the
adolescents with headache: 21.2% (21.1% to 21.4%) had
headache alone, 31.0% (30.8% to 31.2%) also suffered
stomach-ache, 12.1% (12% to 12.3%) suffered from back-
ache and headache, and 35.7% (35.4% to 35.8%) had all
three pains. Univariate logistic modelling found adoles-
cents with pain (headache, stomach-ache or backache)
were at increased odds of experiencing coexisting pain.
This was highest for headache and stomach-ache OR =
4.7 (4.6 to 4.7), followed by headache and backache OR =
2.9 (2.8 to 2.9) and stomach-ache and backache OR = 2.6
(2.6 to 2.7).
Discussion
Almost three-quarters of adolescents experience headache,
stomach-ache or backache at least monthly. These pain
conditions commonly coexist and are more prevalent in
girls and older adolescents. While there was some vari-
ation in pain prevalence across the 28 countries there were
no countries where these three pains were uncommon.
Our study is substantially larger than any previous
study of the prevalence of pain in adolescents. It provides
Figure 1 Prevalence of headache, stomach-ache and backache by frequency of occurrence. (Excluding adolescents who did not state:
headache n = 5620, 1.4%; stomach-ache n = 6412, 1.6% and backache n = 7142, 1.8%).
Swain et al. BMC Public Health 2014, 14:447 Page 4 of 7
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as it draws from a large, multi-national and representa-
tive sample of adolescents and makes use of the stan-
dardised survey methods employed by the HBSC
research network. These methods minimise sampling
bias and enable extrapolation of the results across
Europe, North America and Israel. An important fea-
ture of the study is that it provides information on theFigure 2 Prevalence of headache, stomach-ache and backache by gen
gender*headache n = 5620, 1.4%; gender*stomach-ache n = 6412, 1.6% and
1.9%; age-group*stomach-ache n = 9096, 2.3%; age-group*backache n = 83
57prevalence of each of the three types of pain separately
as well as in combination.
The HBSC Symptoms Check List (HBSC-SCL) was pri-
mary developed for measuring the subjective experience
of health and in this study it quantifies the subjective ex-
perience of pain among adolescents regardless of the
cause. A limitation of relying upon a brief instrument like
this is that it does not provide a precise medical diagnosisder and age-group. (Excluding adolescents who did not state:
gender*backache n = 7142, 1.8%; age-group*headache n = 7590,
78, 2.1%).
Table 2 Coexistence of somatic pain in adolescents
Number of somatic
pains
Frequency
(n)
Percent
(%)
Cumulative percent
(%)
1 107451 27.1 27.1
2 110792 28.0 55.1
3 76475 19.3 74.4
0 101253 25.6 100.0
Total 395971 100.0
(Excluding 8235 adolescents whose pain frequency was not stated).
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information on the pain experience. Given the broad na-
ture of the pain measure, it is likely that physical ailments
(such as sports injuries, menstrual issues and menstrual
migraine) were among the causes of pain in this study.
Having established the scale of the problem in this study
we would encourage additional studies to further charac-
terise these problems in adolescents.
Traditionally back pain is considered a condition of
middle age and is regarded as being uncommon and/or
short lived in adolescents. Reflecting this view current
clinical practice guidelines specify that back pain in
those younger than 20 years is a ‘red flag’ which should
alert clinicians to the possibility of serious spinal path-
ology [19,20]. Further investigation via imaging and la-
boratory testing is then recommended. Our finding of a
high prevalence of backache in adolescents questions
the clinical utility of ‘age of onset <20 years’ as red flag
to screen for serious disease [21]. Additionally many
clinical practice guidelines explicitly state that their
treatment recommendations only apply to adults [22].
Clinical practice guidelines should be reviewed toFigure 3 Proportional Venn diagram representing the
coexistence of pain in adolescents. (Excluding 8235 adolescents
whose pain frequency was not stated).
58consider the implications of the high prevalence of pain
in adolescents.
Our estimates of the prevalence of headache, stomach-
ache and backache are at the upper bounds or higher
than the wide range of previous estimates reported in
King and colleagues’ review of chronic pain [10]. These
differences may be explained in part by differences in
ages of the young people studied, case definition, and re-
call period [23]. The way in which different types of
somatic pain are defined contributes to variations in pre-
vious prevalence estimates. A study [24] of low back
pain in British school-children (11-14 years, girls 53.9%)
illustrates the effect of a different operational definition.
Directed by a pain diagram and the severity measure ‘for
one day or longer in the prior month’, adolescents re-
ported the prevalence of back pain as 26%, which is sub-
stantially less than the 37.0% backache estimate obtained
for England in this analysis. Moreover, adolescence is de-
fined by the WHO as the period between 10 and 19 years
[25]. The HBSC study methods encompass a broad age
range but ensure that a minimum of 95% of the eligible
target population falls within the sample frame 11-15
years [12]. Given that the prevalence of somatic pain in
children and adolescents increases with age it is reason-
able to suggest that disparities in pain prevalence esti-
mates may be explained by the variability in the age
distribution of previous studies. For example, a Swedish
study [26] reported the monthly prevalence of headache
in children (7-16 years, girls 48.6%) to be 26%, which is
substantially lower than this study’s estimate of 63.1%
from Sweden. The difference is likely due to the fact that
20% of the sample was aged below 11 years. A one-
month time period for reporting prevalence was used in
this study on the basis of recently published consensus
[27] and empirically-based [28] recommendations in the
field of back pain. Opportunity exists for a consensus
approach to standardise important definitional compo-
nents of paediatric somatic pain including the frequency
and duration of pain and the age distribution in sam-
pling strategies.
Our study found somatic pain in adolescents most com-
monly occurs in multiple-pain form. In particular young
people had the greatest odds of coexisting pain when they
experienced headache and stomach-ache, which appears to
align with the prevailing knowledge [29]. Contrary to a pre-
vious study [29] we found girls have a higher prevalence of
multiple-pains than boys and the prevalence of multiple-
pains increases with age. Given the high prevalence of indi-
vidual pains it is likely that some coexistence of individual
pains will occur despite unrelated cause. Several potential
physical, behavioural and mental developmental changes
that coincide with pubertal development have been
hypothesised to explain the age and gender differences that
were observed in this study [11,30,31]. LeResche et al. [31]
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prevalence of two or more pain conditions increased with
increasing physical maturity, which may explain the signifi-
cant increase in the pain prevalence with age in our study.
Very few studies have described the extent to which som-
atic pains coexist in adolescents and as a consequence
there is a paucity of knowledge in this field.
Suffering and developmental consequences are import-
ant actual and potential implications of somatic pain in
adolescence. Somatic pain has been associated with anx-
iety and depression as well as school absenteeism and
poor quality of life [5]. The direct cost of health care is
likely to already be apparent given the relationship be-
tween subjective health complaints and high medicine
use in adolescents [32]. Somatic pain during adolescence
is associated with re-occurrence later in life [1-4] and it
appears that some groups of children are predisposed to
ongoing pain-related problems, including work disrup-
tion, into adulthood [33]. Given that the majority of sick
leave in adults is due to somatic pains [34], prevention
and management of these problems in adolescence could
conceivably have an important impact on disease burden
in adults.
Conclusions
Our research has clearly established that headache,
stomach-ache and backache are very common in adoles-
cents and these pains more often coexist than occur in
isolation. Somatic pain affects the health and well-being
of adolescents in several countries across Europe and
North America and as such poses a substantial public
health challenge. However, research into the health of
young people is recognised as a neglected priority in glo-
bal health [35] and this is certainly the case in the pain
field where there is an incomplete understanding of the
epidemiology, mechanisms and management of these
pains in adolescents. In regards to pain, large differences
in prevalence exist across gender and age in adolescents.
These findings are useful as they identify that girls are
more likely to experience individual and multiple pains.
Moreover, young people during late adolescence are
commonly afflicted by multiple pains. Longitudinal inves-
tigations that coincide with the onset of pubertal devel-
opment are now required to appropriately establish
fundamental risk factors and mechanisms for adolescent
pain. Once established, an evidence-based approached to
prevention and intervention strategies can be explored in
the interest of public health.
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Chapter Three 
Pain and Moderate to Vigorous Physical Activity in Adolescence: An 
International Population-Based Survey 
 
“The doctor of the future will give no medication but will interest his patients in the 
care of the human frame, diet and in the cause and prevention of disease.”  
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Abstract
Objective. To evaluate whether individual types of
pain (headache, stomach-ache, and backache) or
multiple pains affect the odds of young people
achieving the recommended 60 minutes of moder-
ate to vigorous physical activity (MVPA) per day in a
large representative sample.
Design. Multicenter cross-sectional survey.
Setting. Twenty-eight countries across Europe and
North America.
Subjects. Adolescents (N 5 242,103).
Methods. An analysis of data collected in two waves
(2001/02 and 2005/06) of the health behavior in
school-aged children (HBSC) study was performed.
Survey questions included the HBSC symptoms
checklist and the amount of regular physical activity.
Multilevel logistic regression was used to account
for clustering effect of MVPA within countries. Mod-
els investigated the relationship between pain and
physical activity, adjusted for the HBSC study year.
Six models were conducted separately for gender
and age-group (11, 13, and 15 years) strata.
Results. In general, the presence of pain was asso-
ciated with reduced physical activity. Headache
alone was associated with reduced physical activity
in all six strata (odd ratios 0.77–0.84), stomach-ache
alone in five strata (0.77–0.92), and backache alone
in four strata (0.86–0.96). In 11- and 13-year-old
girls, headache, stomach-ache, and backache, indi-
vidually and in combination, were associated with
decreased odds of being physically active (odds
ratios ranging from 0.73 to 0.91). Within the other
1
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four age and gender strata, the relationship was
less consistent.
Conclusion. Pain is associated with reduced physi-
cal activity in adolescents but this association
varies according to gender, age, and the type of
pain experienced.
Key Words. Pain; Physical Activity; Adolescent;
Epidemiology; Health Behavior in School-Aged
Children
Introduction
The pandemic of physical inactivity in children and adoles-
cents is an important priority for public health action [1].
Pain is a frequent experience during childhood and ado-
lescence. Recent population-based studies [2,3] have
found high prevalence rates of headache, stomach-ache,
and backache in school-aged children; with higher rates
found in girls and older children. Clustering of two or
more pains also occurs frequently in young people [2],
and tends to be the rule rather than the exception [4].
This is becoming a major public health concern as multi-
ple pains in adolescence are a strong predictor of multiple
pains in adulthood [5] and subsequent disability [6].
In the recent Global Burden of Disease study, various
types of pain featured prominently as contributors to the
number of years individuals live with disability [7]. In
adolescence, physical and mental health, as well as
school performance and quality of life can be affected
by pain [2,8–12]. Studies that have assessed functional
status via questionnaires have found that pain can also
impair activities of daily functioning [13–15]. Physical
inactivity has major health effects worldwide, causing
noncommunicable diseases such as cardiovascular dis-
ease, diabetes, cancer, and depression [16].
Traditional fear-avoidance models of pain, as seen in
acute/subacute backache assume disability will lead to
reduced levels of physical activity [17,18]. However,
cohort and cross-sectional studies published to date
report conflicting evidence for the association between
moderate to vigorous physical activity (MVPA) and low
back pain in both adult populations and school children
[19]. One possible consequence of pain in childhood
and adolescence is that it can become a barrier to phys-
ical activity. The fact that more than 80% of adolescents
(aged 13–15) do not meet the recommended 60 minutes
of MVPA per day [20] is particularly alarming given that
health behaviors in childhood are commonly retained in
adulthood.
Few studies have investigated the association between
individual or multiple pains and health behavior, specifi-
cally MVPA, in adolescents. The aim of this study is to
evaluate whether individual (headache, stomach-ache,
and backache), or multiple pains affect the odds of
achieving the recommended 60 minutes of MVPA per day
in a large representative sample of school-aged children.
Methods
Study Design, Setting, and Participants
A secondary analysis of data from two consecutive survey
years (2001/02 and 2005/06) of the health behavior in
school-aged children (HBSC) study [21], a multinational
cross-sectional survey, was performed. The HBSC net-
work conducts a large-scale four-yearly survey which
collects health data from nationally representative sam-
ples of adolescents in Europe and North America. The
necessary approvals from health/education authorities
and research ethics Institutional Review Boards were
negotiated at the national level by country team mem-
bers. The level of consent in schools varied in accordance
with national requirements. A list of participating
researchers, countries, and selected reports can be
found at http://www.hbsc.org.
All countries followed data collection procedures outlined
in a standardized research protocol, which enables inter-
national comparison [22]. The HBSC study is a school-
based survey in which data is collected via a self-
completed questionnaire in the classroom setting. Clus-
ter sampling was used in which the sample unit was the
class (or the school when the class sample unit was not
available). The target participants were adolescents
aged 11, 13, and 15 years, which coincides with onset
and early adolescence; a time of rapid physical and
emotional change. For each survey year, the desired
sample size per country was approximately 1,500 partic-
ipants in each age-group (750 per gender). A single
response rate is difficult to obtain given the use of multi-
stage sampling (school, class, and student). For exam-
ple, it was estimated across 35 countries that the 2001/
2002 response rate at the level of the school was above
80% with additional nonresponse at the student-level
ranging from 2.4% to 26.0% [23]. The combined and
weighted response rates in 2001/2002 and 2005/06
both exceed 70% in the majority of countries [23,24].
Variables and Measures
Health and health related behavior data from the HBSC
survey in 28 countries across Europe and North Amer-
ica was accessed along with demographic information
(gender, age, and country).
The frequency of headache, stomach-ache, and back-
ache, were measured by the pain items in the HBSC
symptoms checklist. For each type of pain, respondents
were required to specify the frequency of pain in the
last 6 months on a five point scale: 1) about every day;
2) more than once a week; 3) about every week; 4)
about every month; or 5) rarely or never. For the pur-
poses of our analyses, pain frequencies were dichotom-
ized as follows: 05pain rarely or never and 15pain at
least every month. To facilitate investigation into the
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clustering effect of symptoms, discrete and combined
pain groups were created: 1) no pain; 2) headache only;
3) stomach-ache only; 4) backache only; 5) headache
and stomach-ache; 6) headache and backache; 7)
stomach-ache and backache; and 8) headache,
stomach-ache, and backache. No details regarding the
duration or intensity of pain were available.
The frequency of MVPA was measured using the ques-
tion: Over the past 7 days (week), on how many days
were you physically active for a total of at least 60 min
per day? The question was preceded by explanatory
text which defined MVPA as “any activity that increases
your heart rate and makes you get out of breath some
of the time” [25] with some examples of specific activ-
ities given. For the current analyses, responses were
dichotomized (0–6 days5 underactive, 7 days5 active)
to reflect the world health organisation’s (WHO) recom-
mendations on physical activity for children and young
people, i.e., that people aged 5–17 years should accu-
mulate at least 60 minutes of MVPA per day [26].
Statistical Analysis
Only participants with complete data for pain and physi-
cal activity measures were included in the analyses.
Descriptive statistics of participants were stratified by
age-group and gender, proportions related to individual
and multiple pains, and physical activity, are reported.
Risk differences and the unadjusted relative risk of ado-
lescents with pain not meeting the MVPA guidelines
were calculated. Multilevel logistic regression was used
to account for assumed clustering effect (potentially
correlated observations) of MVPA within countries. Multi-
level models were constructed to investigate the rela-
tionship between pain groups and MVPA, adjusted for
HBSC data collection wave. The multilevel models
considered individuals as first-level units which are
grouped into second-level units of country. Odds ratios
and 95% confidence intervals were calculated sepa-
rately for the different gender and age-groups to
account for established differences. Prior to examining
the relationship between pain and MVPA, the intraclass
correlation coefficient (ICC) was calculated [27] in the
null model to estimate how much of the total variation in
adolescents meeting the recommended amount of
MVPA is accounted for by country. All statistical analy-
ses were performed using statistical analysis system
version 9.4.
Results
Pain and MVPA Characteristics
After combining two waves (2001/02 and 2005/06) of
HBSC data, a total of 242,103 adolescents (median age
13.6 years, interquartile range 3.4 years) from 28 coun-
tries were included in this analysis (Table 1). Across
countries, there was variation in the proportion of young
people that were physically active (range: 12.8–41.7%)
and that reported no pain (range: 14.9–52.4%) (Sup-
porting Information Table S1).
The proportion of young people with monthly or more
frequent pain increased with age and the difference was
more pronounced in girls (11 years 69.3% to 15 years
87.8%) than boys (11 years 61.1% to 15 years 69.5%).
There was also an increase with age in the frequency of
more than one type of pain in girls (11 years 40.1% to
15 years 64.7%) and boys (11 years 32.8% to 15 years
40.8%). Only 18.7% of participants met the recom-
mended amount of 60 minutes of MVPA per day. Girls
met the MVPA recommendations less often than boys;
14.4% vs 23.3%, respectively. The proportion of adoles-
cents meeting MVPA recommendations was lower in
older age-groups in boys (11 years; 28.2%, 15 years;
18.4%) and girls (11 years; 19.7%, 15 years; 10.2%).
Table 1 reports the frequency of MVPA and pain (pre-
sented as discrete individual and combined pain clus-
ters) in adolescent girls and boys.
Pain and Association with MVPA among Girls
The largest proportion of girls, 21.9%, experienced all
three pains together (headache, stomach-ache, and
backache) followed by no pain, 20.6%. In descending
order, the frequencies of other pain types were:
stomach-ache and headache 20.1%, stomach-ache
alone 10.9%, headache alone 10.5%, headache and
backache 6.0%, stomach-ache and backache 5.1%,
and lastly backache alone 4.8%.
The association between pain and level of physical
activity is displayed in Figure 1. After adjusting for HBSC
survey year; headache, stomach-ache as well as com-
bined headache and stomach-ache were all negatively
associated with adolescent girls meeting MVPA recom-
mendations. Risk differences and unadjusted relative
risks of not meeting the MVPA guidelines were calcu-
lated between girls with and without pain (Supporting
Information Table S2). The risk differences indicate that
girls with pain have from 0.3% lower risk to a 4.3%
higher risk of being underactive than those with no pain.
In girls aged 11 and 13 years, backache, combined
backache and headache, combined backache and
stomach-ache as well as combined backache, head-
ache, and stomach-ache were also all negatively associ-
ated with MVPA. However, for girls aged 15 years,
report of multiple pains was not associated with MVPA.
Pain and Association with MVPA among Boys
The largest proportion of boys did not experience pain
34.6%, with the second largest proportion the combined
headache, stomach-ache and backache group 14.4%.
The frequencies of other pain types were: headache
alone 12.2%, headache and stomach-ache 11.6%,
backache alone 8.8%, stomach-ache alone 7.3%, head-
ache and backache 6.9%, and stomach-ache and back-
ache 4.2%.
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After adjusting for HBSC survey year; boys reporting
headache or combined headache and stomach-ache
had decreased odds of meeting the recommended level
of MVPA, regardless of age. Boys aged 11 years who
experienced backache or backache in combination with
headache and stomach-ache had reduced odds of
being active. However, the effect of backache was not
associated with MVPA in boys 15 years of age (Figure
1). Risk differences and unadjusted relative risks of not
meeting the MVPA guidelines between boys with and
without pain are reported in Supporting Information
Table S2. The risk differences indicate that boys with
pain have from 0.4% to 4.6% higher risk of being
underactive than those with no pain.
Multiple pains (combined headache, stomach-ache, and
backache) were not associated with achieving the
MVPA guideline in boys aged 11 years. However, at 13
and 15 years of age, boys reporting multiple pains had
decreased odds of meeting the recommended level of
MVPA.
The calculated ICCs indicate that approximately 4–6%
of the variability in boys and girls meeting the recom-
mended amount of MVPA is accounted for by country
in our study.
Discussion
In a large representative sample of school-aged chil-
dren, we showed that adolescents who experience pain
typically have lower odds of meeting the WHO recom-
mendation of 60 minutes of MVPA per day. The associ-
ation seems to be influenced by the type of pain and
the child’s age and gender. An unexpected finding was
that around 75% of the adolescents reported pain at
least monthly and that the most common presentation
was multiple areas of pain.
The large representative sample and standardized meth-
ods of the HBSC survey have enabled us to account for
the considerable cross-regional variations in physical
activity and pain. Health and physical activity differences
in young boys and girls have been established in previous
reports [28,29] and were also identified in our analysis.
Perhaps of greatest concern is the dramatic increase in
multiple pains experienced by girls between the ages of
11 and 15 years. By isolating pain clusters, we were able
to see different frequencies in individual and multiple
pains across age-groups in boys and girls. Our results
suggest girls have a substantially lower probability than
boys of remaining pain free, which is driven mostly by the
increase in girls reporting multiple pains.
One limitation of the cross-sectional study design is
the ability to only establish bidirectional associations
without determining cause. Moreover, unlike studies
that are restricted to pain specific disciplines, the
HBSC study does not provide definitional boundaries
to aspects of pain location, intensity, and duration.
There are practical limitations to the nature ofT
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measures used to explore pain and physical activity in
very large samples across different regions. It is plausi-
ble that acute vs chronic pain or high intensity pain
may influence physical activity levels differently in ado-
lescents and this was not explored in our study. In this
study, the feasibility of self-reported items needs to be
considered alongside adolescents’ ability to accurately
recall monthly pain and weekly physical activity. While
the physical activity items used in this study are
thought have acceptable reliability, aspects of validity
are less clear [30,31]. Given these considerations, the
associations identified in this study should be
approached with caution at this time.
Galan et al. [32] recently analyzed a Spanish subset of 2006
HBSC survey data and found that increasing frequency of
MVPA was associated with fewer health complaints, high life
satisfaction, and better self-reported health. They found the
benefits of MVPA were especially pronounced in boys. Our
analysis differentiates the effect of individual and combined
pain clusters. It suggests that the various pain experiences
affect physical activity behavior in girls and boys differently
across the adolescent life-span. One example is that multiple
pains (headache, stomach-ache, and backache) tends to
decrease the odds of meeting recommended levels of MVPA
aged 11–15 years in boys, but not girls.
A systematic review by Sitthipornvorakul et al. [19] found
conflicting evidence for the association between physi-
cal activity and low back pain in school children. Our
findings may explain this conflict by illustrating the fact
that the magnitude of the association between back
pain and physical activity is quite small and influenced
by age. There is an association between backache and
insufficient MVPA in younger, but not older adolescents.
While the effect of backache on meeting MVPA was
lower in the older age-groups in our study, the longitudi-
nal relationship between backache and physical activity
from early to late adolescence remains unclear.
The concept that pain is a barrier to physical activity in
children is of public health interest and has implications
for clinicians and policymakers alike. Presumably pri-
mary prevention strategies can be initiated during child-
hood and adolescence. However, there is a lack of
effective management strategies for pain in children and
adolescents [33–35], with few randomized studies and
numerous methodological limitations [33]. Given our
findings, it is reasonable to speculate that pain might
affect children’s physical activity, this means identifying
effective pain management strategies in adolescents is
of even greater importance.
The research priorities for child and adolescent physical
activity and sedentary behaviors have now been estab-
lished via expert consensus [36]. The third ranked
research priority from this Delphi procedure was future
prospective and longitudinal studies to evaluate the inde-
pendent effects of physical activity and sedentary behav-
ior on health. Wedderkopp et al. [37] prospectively
followed 9-year-old children and found that those with
low levels of physical activity had higher odds of
Model Acve % (n/N) Esmate (95%CI) Acve % (n/N) Esmate (95%CI)
Age 11
No Pain 21.7% %2.03feR)62421/5962(  feR)46841/5944(
Headache (HA) 19.1% (964/5034)    0.84  (0.77 - 0.91) 26.9% (1295/4807)    0.82  (0.76 - 0.88)
Stomach-ache (SA) 18.9% (911/4817)    0.87  (0.80 - 0.95) 25.6% (950/3711)    0.80  (0.74 - 0.87)
Backache (BA) 19.2% (363/1893)    0.85  (0.75 - 0.96) 27.4% (640/2337)    0.86  (0.78 - 0.95)
HA + SA 17.7% (1329/7496)    0.80  (0.74 - 0.86) 25.7% (1300/5058)    0.78  (0.73 - 0.84)
HA +BA 19.2% (366/1904)    0.82  (0.72 - 0.93) 27.5% (480/1743)    0.82  (0.74 - 0.92)
SA + BA 17.4% (262/1509)    0.79  (0.68 - 0.91) 25.7% (348/1356)    0.80  (0.70 - 0.91)
HA + SA + BA 19.8% (1055/5338)    0.91  (0.84 - 0.99) 29.6% (1298/4382)    0.94  (0.87 - 1.02)
Age 13
No Pain 15.8% %8.42feR)0428/6031(  feR)53731/1143(
Headache (HA) 13.7% (609/4447)    0.80  (0.72 - 0.89) 22% (1106/5020)    0.82  (0.75 - 0.88)
Stomach-ache (SA) 13.2% (653/4957)    0.85  (0.76 - 0.94) 23.4% (639/2727)    0.92  (0.84 - 1.02)
Backache (BA) 14% (292/2093)    0.84  (0.73 - 0.96) 23.4% (773/3309)    0.90  (0.83 - 0.99)
HA + SA 12% (1076/8982)    0.73  (0.67 - 0.80) 20.7% (993/4794)    0.76  (0.70 - 0.82)
HA +BA 13.6% (346/2539)    0.76  (0.67 - 0.87) 23.8% (631/2656)    0.88  (0.79 - 0.97)
SA + BA 12.7% (292/2304)    0.79  (0.69 - 0.91) 21.8% (362/1658)    0.83  (0.73 - 0.94)
HA + SA + BA 13.1% (1233/9435)    0.80  (0.73 - 0.87) 23.1% (1362/5905)    0.86  (0.80 - 0.93)
Age 15
No Pain 11.4% %1.02feR)0715/885(  feR)21711/9532(
Headache (HA) 9.5% (355/3750)    0.78  (0.68 - 0.90) 16.7% (731/4384)    0.77  (0.70 - 0.85)
Stomach-ache (SA) 9.7% (385/3979)    0.86  (0.75 - 0.99) 15.6% (317/2030)    0.70  (0.62 - 0.80)
Backache (BA) 11.3% (228/2025)    0.96  (0.81 - 1.13) 19.7% (912/4634)    0.94  (0.86 - 1.02)
HA + SA 8.7% (757/8731)    0.75  (0.67 - 0.84) 15.8% (579/3666)    0.71  (0.64 - 0.79)
HA +BA 11.7% (365/3117)    0.94  (0.82 - 1.09) 18.5% (666/3594)    0.82  (0.75 - 0.91)
SA + BA 11.1% (295/2655)    0.99  (0.85 - 1.14) 19% (354/1863)    0.87  (0.77 - 0.99)
HA + SA + BA 10.5% (1348/12795)    0.91  (0.82 - 1.01) 17.4% (1135/6522)    0.79  (0.73 - 0.86)
Mulvariate Odds etairavitluM†oitaR  Odds Rao†
Girls syoBAPVM  MVPA
† Mul variate odds ra os were adjusted for HBSC survey year. Ref: Reference category. 
ICC: Intraclass correlaon coeﬃcient, esmang how much of the total variaon in adolescents meeng the recommended amount of MVPA is accounted for by country
10.5 10.5
ICC = 0.047
1 2 1 2
ICC = 0.054
ICC = 0.057
ICC = 0.057
ICC = 0.038ICC = 0.052
Underacve UnderacveAcve Acve
Figure 1 The association between pain and meeting the WHO’s recommended level of physical activity in 11-, 13-,
and 15-year-old boys and girls.
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backache at 12 years of age. High physical activity
seemed to protect against backache in this study. Our
analysis did not assess whether higher levels of physical
activity, such as vigorous physical activity (VPA) are asso-
ciated with pain. Notwithstanding the limitation of a
cross-sectional study design, our analysis suggests pain
may be implicated in reducing physical activity, particu-
larly in early adolescence. Longitudinal study designs
which evaluate the effect of pain (individual and com-
bined) on MVPA as well as VPA in both early and late
adolescence remain an area for future research.
Pain and physical inactivity continue to be two important
public health issues. This study has established an
association between the two in a large representative
sample of adolescents. Our study showed that most
adolescents do not meet the WHO recommendations
for healthy levels of physical activity and that those with
pain are even less likely to meet these goals. Public
health initiatives to address physical inactivity in children
and adolescents arguably need to consider pain as a
barrier to uptake of physical activity.
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ABSTRACT
Objective To determine whether there is a relationship 
between physical growth and development, as 
determined by markers of biological maturation, and 
musculoskeletal conditions in adolescents.
Design Systematic review.
Data sources Electronic databases (PubMed, EMBASE 
and the Cumulative Index to Nursing and Allied Health 
Literature) were searched up to 6 September 2017.
Eligibility criteria for selecting studies Studies that 
evaluated the association between biological maturation 
or growth and musculoskeletal conditions in adolescents 
(chronological age 10–19 years).
Results From 20 361 titles identiﬁed by the searches, 
511 full-text articles were retrieved and assessed for 
eligibility; 56 studies, all at high risk of bias, evaluating 
the relationship between maturation and/or growth 
and musculoskeletal conditions were included. A 
total of 208 estimates of association were identiﬁed 
across the included studies, which generally indicated 
no association or an unclear association between 
maturation, growth and musculoskeletal conditions.
Summary/Conclusions While the relationship 
between maturation, growth and musculoskeletal 
conditions remains plausible, the available evidence 
is not supportive. The current body of knowledge is at 
high risk of bias, which impedes our ability to establish 
whether biological maturity and growth are independent 
risk factors for musculoskeletal conditions.
INTRODUCTION
Adolescence is defined by the WHO as the second 
decade of life,1 and represents a key period of 
physical, psychosocial and cognitive develop-
ment, yet also a period of physical and psycho-
logical vulnerability.2 3 Puberty is a physical event 
that occurs during adolescence characterised by 
marked somatic growth, and significant musculo-
skeletal (MSK), physiological and sexual develop-
ment,4 sometimes considered of itself to define. 
The prevalence of MSK conditions such as spinal 
pain increases during adolescence,5 6 and persistent 
problems in this period predict pain and disability 
later in life.7–10 Understanding the role of biolog-
ical development in the onset of MSK conditions 
in adolescents is important to guide preventative 
efforts.
Rapid physical growth (ie, ‘the adolescent growth 
spurt’) and biological maturity (eg, stage of skel-
etal or pubertal development) have been proposed 
as risk factors for MSK pain and injury.11 At the 
anatomical level, the structural capacity of growth 
plates and developing bone may be exceeded during 
rapid periods of growth,12 13 leading to pain, inju-
ries, fracture or the development of non-specific 
MSK conditions. However, there is limited epide-
miological evidence to support the hypothesis that 
rapid growth during adolescence influences the 
tolerance of growth plates and bones to excessive 
or repetitive load. It may be that the construct of 
biological maturity increases risk, underpinned by 
the physical and neurodevelopmental changes such 
as motor coordination, cognitive control or negative 
affect that occur during adolescence, as observed 
by associations between Tanner staging14 15 and 
injury rates in adolescent athletes.16 17 In addition 
to physical growth, puberty is also characterised 
by numerous hormonal, emotional and neurolog-
ical changes,4 which may also increase the risk of 
injury/pain.
Adolescents of the same chronological age can 
vary significantly in height, weight and pubertal 
stage. Given the wide variation in speed and timing 
of maturation and growth, chronological age may 
be less appropriate as a measure for the prediction 
of MSK conditions. Instead, longitudinal measures 
of growth such as height change velocity and 
cross-sectional measures of maturation such as bone 
age18 may more accurately capture the constructs 
relevant to the hypothesis that the pubertal period 
carries an increased risk of the development of pain 
and injuries.
While multiple biological, psychological, social 
and developmental factors may be aetiologically 
linked with MSK conditions, this systematic review 
aims to specifically determine whether there is a 
relationship between physical growth and/or stage 
of development and MSK conditions in adolescents.
METHODS
A protocol for this review19 was registered a priori at 
the International Prospective Register of Systematic 
Reviews—PROSPERO 2014:CRD42014014333.
Information sources and search methods
Electronic databases (PubMed, EMBASE and 
the Cumulative Index to Nursing and Allied Health 
Literature) were searched for eligible studies from 
inception to 6 September 2017. The search strategy 
was developed for PubMed and modified for other 
databases (online supplementary appendix table 
1). The reference lists of all included publications 
and relevant systematic reviews were checked, and 
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forward citation searches (using the Scopus citation database) 
were performed. No unpublished studies were identified, nor 
was contact with experts made.
Eligibility criteria
Studies were considered eligible if they evaluated exposure 
factors of maturation and/or growth, and the outcome of MSK 
conditions, in adolescents (recruited within the chronological 
age range 10–19 years). Prospective, cross-sectional and retro-
spective studies were eligible for inclusion, while case-series 
were excluded.
Studies needed to quantitatively measure stage or timing of 
maturation and/or growth. Measures of biological maturity 
status, defined as a single measurement in time that assesses 
where a child is in the continuum of biological maturation, 
could include status of pubertal development such as Tanner 
staging, testicular volume (orchidometer) or radiographic 
analysis of skeletal age. Measures of maturity timing, defined 
as the chronological age at which specific maturational events 
occur, could include age at peak height velocity (PHV), age 
at menarche, estimated percentage of predicted adult height 
or maturity offsets. Growth rate, defined as change in phys-
ical stature within a specific time period, had to be measured 
longitudinally, for example repeated standing height measure-
ments within a specified period. Measurements of growth 
spurt were also included, defined as a period of rapid somatic 
growth. Growth spurt measures were set within a study and 
could include a priori thresholds for rapid height or weight 
gain over a specific period, for example 5 cm of height growth 
in a 6-month period. Anthropometric measurements that did 
not account for temporal change (ie, growth) and studies that 
only measured chronological age were excluded.
Our definition of MSK condition was intentionally broad to 
accommodate non-specific pain (eg, back pain or headache), 
MSK injuries and fractures. We did not include typically asymp-
tomatic conditions when pain was not an outcome measure, such 
as scoliosis, benign joint hypermobility, negative ulnar variance 
and low bone density, or conditions that were incidentally iden-
tified on imaging studies. Studies had to provide a measure of the 
association (eg, ratio (relative) or difference (absolute) measures) 
between the exposure and MSK condition.
Only full articles published in peer-reviewed journals were 
included. Studies published in all languages were eligible and 
translations were sought where necessary.
Study selection and data extraction
Pairs of authors (MSS and SJK, MSS and NH) independently 
screened all titles and abstracts identified in the searches. Full-
text copies of potentially relevant articles were retrieved and 
evaluated against the eligibility criteria for final inclusion. 
Disagreements regarding inclusion were resolved by consensus.
One review author (MSS) extracted data from all included 
studies, and two review authors (NH, SJK) checked the extracted 
data. Data were extracted using a specifically designed spread-
sheet that included study design and characteristics, sample 
characteristics (participant source, setting, and age and gender 
distribution), MSK condition (type, definition, assessment 
method, frequency and/or duration), measures of maturation 
and/or growth (type, definition and categories), and measures of 
association such as ORs and CIs. Confounders were extracted 
where reported, and where multiple measures of association 
were presented we extracted the most adjusted estimates.
Risk of bias in individual studies
The Quality in Prognosis Studies (QUIPS) tool20 was modified 
to assess the quality of the included studies by substituting risk 
factors for prognostic factors. The modified QUIPS tool rated 
risk of bias in six domains: (1) study participation, (2) study 
attrition, (3) aetiological factor measurement, (4) outcome 
measurement, (5) confounding measurement and account, and 
(6) analysis. The risk of bias tool guide includes a series of state-
ments to direct reviewers to issues that may introduce bias within 
each of the six domains, for example, ‘whether the source popu-
lation was adequately described for key characteristics’ within
the study participation domain, and ‘whether attempts to collect
information on participants who dropped out of the study were
described’ within the study attrition domain. A complete list
of the guiding statements is described by Hayden et al.20 The
risk of bias in each domain was rated as ‘low’, ‘moderate’ and
‘high’. Overall risk of bias for each included study was rated as
either low risk or high risk. A low risk of bias study satisfied
the following criteria: (1) low risk of bias on domain 2 (study
attrition) and domain 5 (study confounding), and (2) low risk of
bias on at least four of the six domains. Pairs of reviewers (MSS
and SJK, MSS and NH) independently assessed the risk of bias of
each included study. Discrepancies were resolved by consensus.
The consensus process involved discussion between authors
regarding their independent responses to the guiding statements
and their impression of the impact of these on the overall risk of
bias relevant to each domain.
Synthesis of results
Studies were divided according to type of MSK condition—pain, 
injury or fracture—as follows:
1. pain, if the outcome definition specified pain, painful
episodes or symptoms pertaining to pain without reference
to a specific precipitating injury
2. injury, if the outcome definition specified injury due to an
organised activity or event (usually sport or performance);
injuries could include sprains, strains or injuries from single
event, or stress fractures or overuse injuries from repeated
trauma; studies were not included in this category if the
outcome was exclusively fracture
3. fracture, if the outcome definition specified fracture
exclusively.
It was recognised that some studies in category 2 could include 
participants whose injury included fracture, and that some 
studies in category 3 could include patients whose fracture was 
sustained during a sporting event or activity. However, it was 
assumed that these cases would make up only small proportions 
in the included studies. Where disagreements among review 
authors occurred in the categorisation of studies, consensus was 
reached via discussion. Further details of the outcome definitions 
within studies are reported in online supplementary appendix 
table 2.
Associations were grouped separately for maturity and 
growth. In studies that evaluated pain as the outcome, the asso-
ciations were grouped by region of pain, for example, back pain, 
extremity pain and neck pain. Typically, maturity or growth was 
dichotomised in primary studies; where reported we present 
ORs that quantify the association between these exposures and 
outcome. Conclusions were based on data from prospective, 
longitudinal studies where exposure measurement preceded 
outcome measurement because this study design provides 
the most robust estimates of causal association. Studies with 
cross-sectional and retrospective design were included but given 
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less weight. Where available, gender-specific associations were 
presented separately. This decision was not prespecified, but 
taken post hoc due to the way data were reported in the included 
studies. For studies that evaluated univariate and multivariate 
associations, the fully adjusted or final model was presented 
along with all reported covariates. Homogeneity was assessed 
subjectively based on population, measurement and method-
ological aspects of the included studies. No quantitative data 
synthesis (meta-analysis) was performed due to heterogeneous 
study designs and measures (online supplementary appendix 
table 2). We performed a narrative synthesis, taking study quality 
into account. Summary statements were generated as follows: 
associated (along with direction), no association or unclear. 
Statistically significant associations were based on primary study 
findings; the level of significance was typically set at P value 
<0.05.
RESULTS
Study selection
Database searches retrieved 20 361 citations, of which 17 291 
remained after duplicates were removed (figure 1). After 
screening, 511 articles were retrieved in full text, along with 
58 articles identified through forward and backward citation 
tracking. Fifty-six articles were finally included, of which 55 
were published in English16 17 21–74 and 1 in Spanish.59
Description of included studies
Of the 56 included articles, 25 (20 discrete samples) evalu-
ated associations with pain,21–45 22 articles (19 samples) with 
injury16 17 46–65 and 9 articles (8 samples) with fracture.66–74 Table 
1 reports the exposure measures and outcomes, while the study 
design, sample size, characteristics of participants, measurement 
of maturation or growth, and measurement of MSK conditions 
are presented in online supplementary appendix table 2.
Risk of bias assessment
No article adequately addressed all bias domains (online supple-
mentary appendix table 3). High risk of bias was identified in 
23 articles for study participation, 35 for study attrition, 10 for 
aetiological factor measurement, 9 for outcome measure, 27 for 
study confounding, and 15 for statistical analysis and reporting. 
Regarding overall study risk of bias, only two studies were at low 
risk of bias in at least four of the six QUIPS domains; neither 
study was at low risk in relation to study attrition. Therefore, all 
included studies were judged to be at high risk of bias.
Associations between biological maturity or growth, and pain
MSK pain
A total of 101 associations (52 longitudinal, 49 cross-sectional) 
from 21 studies23–32 34–44 evaluated relationships between 
adolescent development and back, neck or extremity pain, or 
any report of MSK pain. There were 58 associations between 
Figure 1 PRISMA ﬂow diagram of studies through the review. MSK, musculoskeletal; PRISMA, Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses.
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biological maturity (35 status, 23 timing) and MSK pain, and 43 
associations between growth (26 rate, 17 spurt) and MSK pain.
Three studies24 30 35 (n=62 970) reported nine longitudinal 
associations between maturity and back, neck or extremity pain, 
or any report of MSK pain (online supplementary appendix table 
4). Two studies24 30 reported seven associations that indicated 
increased pain frequency with later maturity, while one study35 
reported no association between pain frequency and maturity 
timing.
Eight studies25 26 29 30 36–38 40 (n=12 212) reported 43 longitu-
dinal associations between growth and back, neck or extremity 
pain (online supplementary appendix table 4). There were no 
Table 1 Exposure measures and outcomes
Outcome
Biological maturity Growth
Maturity status Maturity timing Growth rate Growth spurt
Pain 
 Back pain23 24 26 29–31 34–38 43 44 PDS24 29 30 34 37
Pubertal stage (breast 
development)44
Maturity status classiﬁcation23
Genital development31
Pubic hair staging31
Age at ﬁrst ejaculation/
menstruation35 43
Height-for-age29 37
Weight-for-age37
Predicted growth remaining23
Years from age at PHV23
Standing height (6 months and 
12 months)26 29 36 38
Body mass (kg/m2/year)36 38
Sitting height (cm/year)36 38
Weight (kg/year)29
Growth spurt item—PDS30
Height spurt (>5 cm in 
6 months)26
Upper 20% of weight gain37
Upper 20% of height gain37
 Neck pain25 43 44 Pubertal stage (breast 
development)44
Age at ﬁrst ejaculation/
menstruation43
Height spurt (>5 cm in 
6 months)25
 Extremity pain27 29 37 40 PDS29 37
Skeletal age27
Height-for-age29 37
Weight-for-age37
Height (cm/year)29
Weight (kg/year)29
Height spurt (>5 cm in 
6 months)40
Upper 20% of weight gain37
Upper 20% of height gain37
 Head/face 
pain21 22 24 28 30 33 34 39 45
PDS24 28 30 34
Pubertal status questions39
Tanner stage45
Menarche status22 33
Late menarche (>12 years)21
Pubertal timing question39
Age at ﬁrst menstruation21
 Chest pain39 Pubertal status questions39 Pubertal timing questions39
 Any or multiple 
pain28 29 32 34 37 39 41 42
PDS28 29 34 37
Tanner stage41 42
Pubertal status questions39
Pubertal timing questions39
Height-for-age29 37
Weight-for-age37
Perceived physical maturation 
timing32
Age at menarche32
Height (cm/year)29
Weight (kg/year)29
Upper 20% of weight gain37
Upper 20% of height gain37
Injuries 
 Football injuries16 54–56 58 61 64 65 Skeletal age61
Tanner stage16
Maturity algorithm64 65
Skeletal age vs chronological 
age54 56
% predicted mature height58
Period of PHV65
Height (≥0.6 cm/month)55
Body mass index (>0.3 kg/m2/
month)55
 Ballet/dance injuries47 53 Tanner stage47 Age at ﬁrst menstruation47 53 Foot length (0.5 cm)47
 Gymnastics injuries17 50 Tanner stage17
Skeletal age50
 Athletic injuries52 62 63 Age at ﬁrst menstruation62 63
Late age at menarche 
(>15 years)63
Age at PHV52
 Stress fracture51 57 Age at ﬁrst menstruation51 57
 Ice hockey injuries49 Menarche status49
 Handball injuries59 Bone age59
Tanner stage59
Change in Tanner stage59
Pubertal stage59
Testicular volume (cm)3 59
Testicular volume (cm)3 59 Peak growth rate (cm/6 months)59
 Multisport injuries46 48 60 Tanner stage46 Age at ﬁrst menstruation60
Chronological age minus age at 
menarche60
Bone maturity48
Bone age48
Maturity offset algorithm48
Fracture Tanner stage66 67 70 74
Bone age73
Skeletal age74
Age at ﬁrst menstruation66 68
Age at PHV71
Age at peak height estimate66
Index of maturation70
Years from PHV estimate69
PDS, Pubertal Development Scale; PHV, peak height velocity.
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consistent patterns of association; 3 studies26 29 38 reported 
5 associations indicating increased pain with higher rates of 
growth, and 8 studies25 26 29 30 36–38 40 reported 38 associations 
indicating no relationship.
Thirteen studies23 27–29 31 32 34 37 39 41–44 (n=44 266) reported 
49 cross-sectional associations between maturity and back, neck 
or extremity pain, or any report of MSK pain (online supple-
mentary appendix table 4). There were no consistent patterns 
of association.
Head/face or chest pain
A total of 32 associations (9 longitudinal, 23 cross-sectional) 
from 8 studies21 22 24 28 30 33 39 45 evaluated relationships between 
adolescent development and head/face or chest pain. All associ-
ations were between maturity (21 status, 11 timing) and pain.
Three studies24 30 33 (n=6692) reported nine longitudinal asso-
ciations between maturity and head/face pain (online supple-
mentary appendix table 4). There was no consistent pattern of 
association; one study24 reported two associations that indicated 
increased pain probability with later maturity, and two studies30 33 
reported seven associations indicating no relationship.
Six studies21 22 28 34 39 45 (n=25 990) reported 23 cross-sec-
tional associations between maturity and head/face or chest pain 
(online supplementary appendix table 4). There was no consis-
tent pattern of association.
Associations between biological maturity or growth, and 
injury
Sporting injuries
A total of 46 associations (40 longitudinal, 5 cross-sectional, 1 
retrospective) from 18 studies16 17 46 48–50 52 54–56 58–65 evaluated 
relationships between adolescent development and sporting 
injuries (athletic, football, gymnastics, handball, ice hockey and 
multisport injuries). There were 42 associations between matu-
rity (12 status, 30 timing) and sporting injuries, and 4 between 
growth (1 rate, 3 spurt) and sporting injuries.
Fourteen studies16 17 46 49 52 54 56 58–61 63–65 (n=3363) reported 36 
longitudinal associations between maturity and sporting injuries 
(online supplementary appendix table 4). There was no consis-
tent pattern of association; 5 studies16 17 49 56 65 reported 5 associ-
ations indicating higher injury rates/severity with later maturity/
early pubertal timing, 11 studies17 46 54 56 58–61 63–65 reported 26 
associations indicating no relationship, and 4 studies52 56 63 64 
reported 5 associations indicating higher injury rates/severity 
with early maturity/late pubertal timing.
Two studies55 59 (n=265) reported four longitudinal associ-
ations between growth and sporting injuries (online supple-
mentary appendix table 4). There was no consistent pattern of 
association; one study55 reported two associations indicating 
higher football injury rates with growth spurt, and one study59 
reported two associations indicating no relationship between 
handball injury rate and growth spurt.
Three studies48 50 62 (n=772) reported five cross-sectional 
and one retrospective association between biological maturity 
and sporting injuries (athletic, gymnastic and organised phys-
ical activity injuries) (online supplementary appendix table 
4). There was no consistent pattern of association; one study 
reported three associations indicating higher organised physical 
activity injury rates with early maturity, two studies50 62 found 
no association between biological maturity and sporting injury 
(gymnastics and athletics) frequency, and one study48 reported 
one association indicating higher organised physical activity 
injury rates with earlier maturity offset timing.
Ballet injuries
A total of four associations (three longitudinal, one retrospective) 
from two studies47 53 evaluated relationships between adolescent 
development and ballet injuries (online supplementary appendix 
table 4). Both studies (n=334) found no association between 
adolescent development and ballet injury rate.
Stress fracture
Two studies51 57 (n=12 292) reported two longitudinal associ-
ations between maturity (maturity timing) and stress fracture 
injuries (online supplementary appendix table 4). One study57 
reported no relationship, and the other51 reported higher injury 
rates with late pubertal timing.
Associations between biological maturity or growth, and 
fracture
A total of 23 associations (3 longitudinal, 20 retrospective) from 
9 studies66–74 evaluated relationships between adolescent devel-
opment and fracture. All associations evaluated aspects of matu-
rity (13 status, 10 timing) and fracture.
Two studies72 74 (n=1654) reported three longitudinal asso-
ciations between maturity and fracture (online supplementary 
appendix table 4). There was no consistent pattern of associa-
tion; one study74 found advanced maturation (both Tanner stage 
and bone age) was associated with a higher incidence of fracture, 
and one study72 found no association between age at PHV and 
fracture.
Seven studies66–71 73 (n=4042) reported 20 retrospective asso-
ciations between biological maturity and fracture (online supple-
mentary appendix table 4). There were no consistent patterns of 
association.
Summary of associations
A total of 208 associations were identified. Table 2 provides an 
overall summary of the associations between biological maturity, 
growth and MSK conditions.
DISCUSSION
Despite being a commonly held theory, there is little published 
empirical evidence that biological maturity and growth in adoles-
cence are associated with MSK conditions. While 56 articles 
were identified in our searches, there remain knowledge gaps for 
common conditions. The data that are available provide limited 
evidence due to high risk of bias in prospective studies and the 
inherent limitations in studying risk in cross-sectional studies.
A strength of this review was the comprehensive evaluation 
of both biological maturation and growth as risk factors for 
specific types of MSK pain, injury and fracture. We separated 
specific exposures and types of conditions (ie, between factors 
and effects) to appropriately evaluate studies that propose 
causality. The ability to conclusively answer our question was 
constrained by limitations in included studies; these included 
poor reporting quality, high loss to follow-up, lack of clarity 
regarding the number of participants providing aetiological 
and outcome measures, and variable analytical methods.
ORs for the association between maturity status versus back 
pain ranged from 1.1 to 1.9, which indicates a small risk of 
advanced maturation.75 ORs were seldom below 0.6 or above 
1.6. We presented covariates (when included) alongside estimates 
of association to assess whether potential confounders such as 
age, sex and history of MSK disorder were included in study 
designs and statistical models.76 The included studies generally 
did a poor job of accounting for potentially confounding factors. 
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For example, of the 208 associations identified, 111 (~53%) 
were univariate, 157 (~75%) did not account for chronological 
age, and the factors in the model were unclear in 11 (~5%) of 
associations. This issue is reflected in the risk of bias domain 
for study confounding, where three-quarters of studies in this 
review were deemed at moderate-to-high risk. Regardless, the 
general lack of strength and consistency of the associations raises 
doubts about the hypothesised causal relationship between 
biological maturation and MSK pain and injuries.
Measurement of maturity and growth were generally found 
to be at moderate-to-high risk of bias. For example, arbitrary 
thresholds and categories were often set for maturity timing. 
In one study,35 timing of puberty was measured via questions 
about age at the time of the first ejaculation (boys) and the first 
menstruation (girls), and timing of puberty was grouped into 
three categories: early (12 years or younger for boys and 11 years 
or younger for girls), average (13 or 14 years for boys and 12 
or 13 years for girls) and late (15 years or older for boys and 14 
years or older for girls). Other studies used different thresholds 
for ‘late’ puberty, including menarche at >12 years21 and at 15 
years.63 Similarly, measurement of growth spurt was commonly 
categorised as ‘high growth spurt’, arbitrarily defined as >5 cm 
in a 6-month period (not accounting for baseline height or other 
factors). The arbitrary cut-point for high-growth spurt in this 
example may be erroneously high as this growth rate is typically 
only attained by the top three per cent of adolescents.77 The 
issue of measurement error (misclassification) also negatively 
impacts confidence in this body of knowledge. The validity and 
reliability of self-reported measures of pubertal status and timing 
have been queried in previous research.78–80 Pubertal assessment 
by children or their parents may not be reliable and should be 
augmented by a physical examination.79 Ensuring that measures 
are valid and reliable, in addition to addressing other sources 
of bias (such as measurement recall bias), is required before the 
relationship between biological maturation and MSK conditions 
can be clarified.
In addition to considerations of reliability and validity of the 
maturity and growth measures used in included studies, there is 
also the question of heterogeneity. We decided a priori to sepa-
rate exposure measures into the broad categories of ‘growth’ and 
‘maturity’; this was performed via a process of consensus among 
the authors. While we contend that this represents a sensible and 
meaningful division, there was heterogeneity between measures 
within each category. In the context of our findings, it may be 
that the lack of consistent direction and magnitude of associ-
ations could be partly due to this heterogeneity. We cannot be 
sure of the importance of the variability between measures, but 
this provides reason to be somewhat cautious in our conclusions.
Timing of information (temporality) was typically not 
well considered in studies that evaluated biological maturation as 
risk factor for adolescent MSK conditions. Per the Bradford-Hill 
criteria for causal inference,81 the exposure must precede the 
onset of the disease. Studies in this review seldom established 
whether participants had a history free of the MSK condition 
at enrolment; only 8 of the 208 associations adjusted for phys-
ical complaints,23 functional somatic syndromes,30 43 previous 
low back pain43 or fracture history.63 There were studies that 
measured the exposure after the occurrence of the outcome, 
and this was particularly common in studies on fracture.66–69 71 73 
The timing of maturation and growth events in relation to condi-
tions needs to be properly addressed in future studies that aim 
to evaluate biological maturation factors for adolescent MSK 
conditions.
Several previous epidemiological reviews link adolescent 
growth and development with MSK conditions, such as back 
pain and sports injuries.11 82–86 A position statement from 
the American Medical Society for Sports Medicine states 
that overuse injuries may be more likely during the adoles-
cent growth spurt.87 This has led to the recommendation to 
monitor adolescent growth rate and limit training workloads 
during rapid growth periods.87 This recommendation does not 
appear to be based on robust published research evidence. To 
Table 2 Associations between maturity, growth and musculoskeletal conditions
Biological maturity Growth
Maturity status Maturity timing Growth rate Growth spurt
Pain 
 Back pain ↑Maturity, ↑Back Pain24 30 Unclear35 Unclear26 29 36 38 Unclear26 30 37
 Neck pain *No association44 *No association43 – No association25
 Extremity pain *Unclear27 29 37 *Unclear29 37 Unclear29 No association37 40
 Head/face pain Unclear24 30 No association33 – – 
 Chest pain *No association39 *Unclear39 – – 
 Any or multiple pain *Unclear28 29 34 37 39 41 42 *Unclear29 32 37 39 No association29 No association37
Injuries 
 Football  Unclear16 61 Unclear54 56 58 64 65 – ↑Growth, ↑Injury55
 Ballet/dance injuries No association47 No association47 – No association47
 Gymnastics injuries Unclear17 – – – 
 Athletic injuries – Unclear62 63 – – 
 Stress fracture – Unclear51 57 – – 
 Ice hockey injuries – Early timing, ↑injury49 – – 
 Handball injuries No association59 – No association59 No association59
 Multisport injuries No association46 No association60 – – 
Fractures ↑Maturity, ↑Fracture74 No association72 – – 
Summaries are based on 100% consistency for longitudinal associations, that is, all longitudinal associations are in the same direction.
*Summaries based on cross-sectional or retrospective associations, where longitudinal associations are not available.
–, no data available.
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date only one other focused review has systematically evalu-
ated puberty specifically as a risk factor for MSK conditions 
(limited to back pain) in the young.84 The authors concluded 
that a causal link between puberty and back pain is possible. 
That review found five studies (all included in the current 
review) that were all deemed to be of high quality based on 
their methodological checklist that evaluated study sample, 
data collection, study factor, outcome measure, modifiers/
confounders and biological gradient. In contrast, we deemed 
all studies to be at high risk of bias based on the QUIPS steering 
questions. We also applied a consistency threshold of 100% for 
association, which differed from the previous review of 75%. 
Like us, the authors of the previous systematic review did not 
perform meta-analysis due to heterogeneous study designs.
Our review demonstrates that there is considerable uncer-
tainty regarding the aetiological role of maturation and growth in 
adolescent MSK conditions, and highlights the knowledge gaps. 
For example, periods of rapid growth have been linked to the 
onset of traction apophysitis, such as Osgood-Schlatter disease.88 
We found only one article that explored this question27; skeletal 
age and disorders of the knee extensor mechanism were studied 
in 40 young male soccer players, and no association was found. 
Perhaps the most biologically plausible relationship is between 
rapid growth and fracture, given a reduction in cortical bone 
mineral density occurs as growth increases during early-mid 
puberty.13 Only two prospective studies attempted to determine 
whether maturation was associated with fracture in adoles-
cents.72 74 In one study,74 Tanner stage and skeletal age measures 
were positively associated with a higher hazard of fracture over 
a 6-year follow-up period, while the other study found no asso-
ciation between age at PHV and fracture.72 Nevertheless, the 
role of rapid growth in the aetiology of fracture is still to be 
determined.
Future research should be designed to observe change in 
individuals over a sufficient period to account for the wide 
variation in tempo and timing of maturation and growth. 
Measurements need to be adequately valid and reliable, and 
frequent enough to capture rapid change. It may be that 
frequent repeated measurement to ascertain growth velocity 
in adolescence (while logistically difficult) provides a better 
measure than measuring the multifactorial construct of 
maturation. Large samples of adolescents need to be selected 
to adequately capture the MSK outcomes of interest and 
appropriate measure taken to minimise attrition. Many of 
these issues relate back to developing an appropriately clear 
research question. Researchers must clearly delineate the 
specific exposure construct of interest in the formulation of 
their research question, and ensure appropriate covariates are 
included in the analysis to limit issues with confounding.
CONCLUSION
Our study did not find clear association between maturation, 
growth and MSK conditions in adolescents. Clinicians should 
avoid supposing a causal relationship as studies on the topic 
report inconsistent findings and are at high risk of bias.
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Appendix Table 1. PubMed Search String 
((((((((((((sports) OR athletic) OR soft tissue) OR overuse) OR musculoskeletal) OR back) OR lower 
extremity) OR upper extremity) OR neck)) AND (((pain) OR injury) OR fracture)) AND 
(((((((((((((((((((bone age) OR skeletal age) OR body size) OR peak height velocity) OR height 
velocity) OR growth spurt) OR maturation) OR skeletal maturity) OR biologic maturity) OR sexual 
maturity) OR Tanner stage) OR Tanner staging) OR puberty) OR somatic growth) OR pubertal 
development) OR pubertal spurt) OR sex factor) OR risk factor) OR anthropometr*)) AND ((child*) 
OR adolescen*) 
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Appendix Table 3. Risk of bias scores based on the modified QUIPS tool 
1. Study
Participation 2. Study Attrition
3. Aetiological
Factor
Measurement 
4. Outcome
Measurement
5. Study
Confounding 
6. Statistical
Analysis and
Reporting 
Overall risk of 
bias 
(High/Low) 
Pain 
Aegidius 2011 // low N/A moderate moderate low low High risk of bias 
Deubner 1977 moderate high high moderate high high High risk of bias 
Dolphens 2016 low N/A high moderate low low High risk of bias 
Dunn 2011 † moderate high low low high low High risk of bias 
Ehrmann Feldman 2002 * moderate high high moderate low low High risk of bias 
Feldman 2001 * moderate high high moderate low low High risk of bias 
Hirano 2001 high high moderate moderate high high High risk of bias 
Hirsch 2012 low N/A moderate low high moderate High risk of bias 
Hulsegge 2011 ¦ moderate high low moderate low low High risk of bias 
Janssens 2011 moderate high low moderate moderate low High risk of bias 
Jones 2005 high N/A moderate high high moderate High risk of bias 
Kloven 2017 // low N/A low low moderate moderate High risk of bias 
Kröner-Herwig 2009 moderate high moderate moderate high low High risk of bias 
LeResche 2005 † moderate N/A low moderate moderate low High risk of bias 
Mattila 2008 low high high moderate moderate moderate High risk of bias 
Nissinen 1994 ‡ high high moderate high moderate moderate High risk of bias 
Picavet 2016 ¦ moderate high moderate moderate low low High risk of bias 
Poussa 2005 ‡ high high moderate high high high High risk of bias 
Rhee 2005 low N/A moderate moderate high moderate High risk of bias 
Shrier 2001 * moderate high moderate high moderate moderate High risk of bias 
Sperotto 2014 § moderate N/A moderate low high low High risk of bias 
Sperotto 2015 § high high moderate low high low High risk of bias 
Vikat 2000 moderate N/A high moderate low low High risk of bias 
Wedderkopp 2005 high N/A low moderate moderate low High risk of bias 
Weiler 2010 high N/A low moderate high high High risk of bias 
Injury 
Baxter-Jones 1993 high high moderate moderate high high High risk of bias 
Bowerman 2014 high moderate moderate moderate high low High risk of bias 
Caine 1989 moderate high moderate low high moderate High risk of bias 
Costa 2017 high N/A moderate low high high High risk of bias 
Decloe 2014 moderate Moderate low low high high High risk of bias 
DiFiori 1997 high high moderate moderate high high High risk of bias 
Field 2011 ¶ moderate high low moderate low low High risk of bias 
Fourchet 2011 high high high moderate high high High risk of bias 
Gamboa 2008 high N/A low moderate high high High risk of bias 
Johnson 2009 high high low high high high High risk of bias 
Kemper 2015 high high low low high low High risk of bias 
Le Gall 2007 moderate high low moderate high moderate High risk of bias 
Linder 1995 high high moderate moderate high high High risk of bias 
Loud 2005 ¶ moderate N/A low high moderate low High risk of bias 
Malina 2006 high high moderate low low low High risk of bias 
Mónaco 2015 high high low low moderate moderate High risk of bias 
Rauh 2010 moderate high low low low low High risk of bias 
Rochelle 1961 high high low high high moderate High risk of bias 
Tenforde 2011 ¤ moderate N/A moderate high moderate low High risk of bias 
Tenforde 2013 ¤ moderate high moderate high moderate low High risk of bias 
van der Sluis 2014 ¢ high high high low high moderate High risk of bias 
van der Sluis 2015 ¢ high high high low high moderate High risk of bias 
Fracture 
Cheng 2009 high high moderate low low low High risk of bias 
Chevalley 2011 moderate high moderate low moderate low High risk of bias 
Chevalley 2012 high high moderate moderate low moderate High risk of bias 
Darelid 2010 ¥ moderate N/A high low moderate high High risk of bias 
Farr 2011 moderate N/A low moderate high high High risk of bias 
Kindblom 2006 ¥ moderate N/A low moderate low low High risk of bias 
Lynch 2016 moderate low moderate low low moderate High risk of bias 
Thandrayen 2011 moderate high low low moderate high High risk of bias 
Wren 2012 moderate high low low low low High risk of bias 
Symbols indicates studies with the same sample of participants. 
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Chapter Five 
Short-term Clinical Course of Knee Pain in Children and Adolescents: A 
Feasibility Study Using Electronic Methods of Data Collection 
 
“Failure is success in progress.”  
- Albert Einstein 
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RESEARCH ARTICLEShort-term Clinical Course of Knee Pain in Children
and Adolescents: A Feasibility Study Using Electronic
Methods of Data Collection
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Damien McKay3 & Nicholas Henschke1,5
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3Children’s Hospital Institute of Sports Medicine, The Sydney Children’s Hospitals Network, Sydney, Australia
4School of Medical Sciences, The University of New South Wales, Sydney, Australia
5Institute for Public Health, University of Heidelberg, Heidelberg, GermanyAbstractBackground and Purpose. Musculoskeletal disorders, such as knee pain, are common in children and adolescents,
but there is a lack of high quality research that evaluates the clinical course of these conditions. The objective of this
study was to evaluate the feasibility of conducting a prospective study of children and adolescents with knee pain
using electronic methods of data collection. Methods. Children and adolescents with knee pain that presented to
primary care physiotherapy clinics were enrolled and followed-up on a weekly basis via short messaging service
(SMS) until their knee pain had recovered (i.e. two consecutive weeks of no pain). Feasibility was assessed in terms
of recruitment, retention and response rates to SMS and an online questionnaire. Baseline and 6-month follow-up
measures included pain, disability, physical function, physical activity and health related quality of life. Kaplan–
Meier survival analysis was used to estimate the median time to knee pain recovery. Results. Thirty participants
(mean age 13.0 ± 2.2 years, 53% boys) were recruited over 26months. The overall response rate to weekly SMS
follow-up was 71.3% (809 received/1135 sent). One third of participants stopped responding to SMS prior to recov-
ery, and these participants typically had a much lower response rate during the time they remained in the
study. At 6-month follow-up, 80% of the cohort completed the ﬁnal online questionnaire, and 29% of partic-
ipants still reported current knee pain (≥1/10 VAS). The median time for knee pain recovery was 8weeks (95%
CI: 5, 10). Conclusion. Electronic data collection alone seems insufﬁcient to track pain recovery in young peo-
ple and may need to be supplemented with more traditional data collection methods. Researchers should con-
sider further measures to address slow recruitment rates and high attrition when designing large prospective
studies of children and adolescents in the future. Copyright © 2016 John Wiley & Sons, Ltd.
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Musculoskeletal (MSK) conditions are a major public
health issue and the leading cause of disability globally
(Vos et al., 2015). They pose a signiﬁcant burden to
primary health-care systems (Woolf and Pﬂeger,
2003), even during childhood and adolescence
(Henschke et al., 2014). Studies suggest MSK condi-
tions become common during adolescence, for exam-
ple, back pain prevalence increases from 1% at age
7 years to 12–40% at 12 years and increases to 39–
71% by 15 years (Hill and Keating, 2009). This is im-
portant given MSK pain in adolescence predicts pain
and disability in adult life (Hestbaek et al., 2006;
Kamaleri et al., 2009a, 2009b). Hence, better under-
standing of MSK pain in young people has considerable
promise in reducing the individual and societal burden
of these conditions.
There are few suitably designed longitudinal studies
that investigate the clinical course of MSK conditions
in children and adolescents (Artus et al., 2014). Pro-
spective cohort studies to date have drawn upon popu-
lation samples of school children, including those with,
and without pain, and collected follow-up measures at
wide time-intervals. (Jeffries et al., 2007; Hill and Keat-
ing, 2009; McBeth and Jones, 2007) These studies do
not report on the correct variables at an appropriate
frequency in well-deﬁned clinical samples to accurately
delineate prognosis. Several large cohort studies (El-
Metwally et al., 2005; Hestbaek et al., 2006; Rathleff
et al., 2013) only collect data at intervals of 1 year or
more which means that variation in condition severity
and impact that occurs within this time period is not
captured. Furthermore, these studies capture informa-
tion about how often a child experiences pain over a
deﬁned time period, this means that information about
pain intensity, which is strongly related to the impact of
the condition (Tiira et al., 2012), is not recorded. Inves-
tigation of clinical course requires a sample of clinical
patients that are followed-up at frequent time intervals
with patient-relevant measures such as pain intensity
and disability (Hayden et al., 2010).
Large cohort studies are time-consuming, expensive,
and it can be difﬁcult to maintain good data quality be-
cause of attrition (Spector and Hochberg, 1994). The
use of electronic data collection in health research is
growing in popularity because it offers an efﬁcient
and ﬂexible means of collecting information. Advan-
tages over phone or in-person follow-up include2 of 8
100reduced researcher and participant burden, which en-
ables more frequent data collection from large samples.
An example comes from a recent Danish study that col-
lected data via short messaging service (SMS) to track
individual patients’ pain intensity every week in a large
sample of adult participants with back pain, this en-
abled the identiﬁcation of distinct patterns of back pain
recovery over a 1-year follow-up period (Kongsted
et al., 2015). Another study followed MSK disorders
in school children via weekly SMS answered by the par-
ents (Wedderkopp et al., 2012). It is not clear whether
the follow-up rates reported by this study can be repli-
cated when the child, rather than the parent, is asked to
respond to SMSs about their symptoms.
To facilitate collection of robust prognostic and clin-
ical course information on children and adolescents
with MSK pain, the feasibility of electronic data collec-
tion methods in this group needs to be established. The
aim of this study was to determine the feasibility of
recruiting, retaining and following up a prospective co-
hort of young people with knee pain presenting to pri-
mary care, using electronic data collection methods
(SMS and online questionnaire).
Methods
Study design, setting and participants
Ethical approval for this study was granted by the Hu-
man Research Ethics Committee of The University of
Sydney, Australia (Protocol No.: 14519). Data were col-
lected from May 2012 to June 2014. Participants were
recruited from private physiotherapy clinics in Sydney,
Australia.
Physiotherapists were approached to recruit partici-
pants to the study, gain consent, administer a baseline
questionnaire and complete a baseline assessment
within 2 days of the initial consultation. Thereafter
physiotherapists provided clinical care as they saw ﬁt,
participation in the study had no inﬂuence on clinical
management. When participants were discharged,
physiotherapists completed either a paper-based or on-
line follow-up questionnaire. Physiotherapists were re-
imbursed $AUD100 per enrolled participant to cover
the time required to complete the study procedures
(approximately 3 hours).
Children and adolescents (aged 8–18 years) were
eligible to participate in this study if they presented
with the primary complaint of pain or discomfort
in the knee (region indicated on a body chartPhysiother. Res. Int. 22 (2017) e1669 © 2016 John Wiley & Sons, Ltd.
M. S. Swain et al. Childhood Knee Pain in Primary Carediagram). Referral of knee pain beyond the knee did
not preclude inclusion. All participants (and their
parents/guardians) had to be able to speak and read
English and provide written informed consent.
Commencing the week after enrolment, children
and adolescents participating in the study were sent
two SMS messages each week that asked about their
knee pain. SMS follow-up was stopped when the pa-
tient had recovered, deﬁned as two consecutive weeks
reporting no pain. Six months after recruitment, par-
ticipants were contacted by email and/or phone and
asked to complete a web-based follow-up question-
naire. Participants were reimbursed with a $30 voucher
recognizing the signiﬁcant length of follow-up, the
time taken to respond to the SMS and the mobile
phone costs associated with participating in the trial.Variables and measurements
Baseline
The baseline questionnaire completed by partici-
pants included socio-demographic characteristics such
as age, gender and school year. Also included were a se-
ries of questionnaires consisting of measures of pain in-
tensity (Quadruple Visual Analogue Scale — QVAS
(Jensen et al., 1996)), knee-speciﬁc (Lower Extremity
Functional Scale — LEFS (Binkley et al., 1999)) and
general function (Functional Disability Index — FDI
(Walker and Greene, 1991)), child health related qual-
ity of life (Child Health Questionnaire — CHQ-50
(Ruperto et al., 2001)) and physical activity (Adolescent
Physical Activity Recall Questionnaire — APARQ
(Booth et al., 2002; Gwynn et al., 2010)).
At baseline, the Patient-Speciﬁc Functional Scale
(PSFS) (Chatman et al., 1997) was administered by
physiotherapists. Physiotherapists and participants
identiﬁed three important activities that the partici-
pants were unable to do, or had difﬁculty with as a re-
sult of their knee problem. The three activities were
identiﬁed as relatively light, moderate and vigorous or
sustained activities and recorded on a scale from zero
(unable to perform activity) to 10 (able to perform ac-
tivity at the same level as before this episode).
Follow-up
Participants were sent two SMS messages every week
until their knee pain had resolved. One message
contained two questions: “What is your knee painPhysiother. Res. Int. 22 (2017) e1669 © 2016 John Wiley & Sons, Ltd.RIGHTNOW?” and “Over the past week what was your
AVERAGE knee pain?” The Numeric Pain Scale
(Williamson and Hoggart, 2005) was used with 0 indi-
cating no pain and 10 the worst possible pain. The other
SMS question asked participants to rate their ability to
complete the activities that they had nominated as hav-
ing difﬁculty performing in the baseline PSFS question-
naire and read “How would you rate your ability to
complete a) [activity 1], b) [activity 2], c) [activity 3]?”
Response instructions were numeric on a scale from 0
(unable) to 10 (completely able). All SMS messages
were sent and received via the SMSGlobal web messag-
ing platform (https://www.smsglobal.com/). Incoming
SMS responses were downloaded into a Microsoft Excel
spreadsheet for analysis.
The six-month follow-up questionnaire was com-
pleted online by participants and included the follow-
ing items: Pain intensity (QVAS), patient-speciﬁc,
knee-speciﬁc and general function (PSFS, LEFS and
FDI) and physical activity (APARQ).Statistical methods
Descriptive statistics were used to characterize the co-
hort. Continuous outcome measures recorded at base-
line and follow-up were summarized with means and
standard deviations (SD); or medians and interquartile
ranges when not normally distributed.
Response rate to SMS tracking was calculated by divid-
ing the actual number of responses received by the total
number of responses expected for each participant. Par-
ticipants were censored if they still had pain the week be-
fore but stopped responding to the weekly SMS tracking
for four consecutive weeks, time of censorship was listed
as ﬁrst week of non-response. SMS response rates were
then calculated separately for participants who were
uncensored and censored; the response rate of censored
participants was calculated up to the week of censoring.
Using weekly pain intensity data Kaplan–Meier sur-
vival analysis was used to calculate median time to re-
covery from knee pain. Time of recovery was deﬁned
as the second consecutive week that a participant re-
ported 0 out of 10, to the SMS question “What is your
knee pain (intensity) RIGHT NOW”. A survival plot
was constructed to estimate the probability of recovery
over the course of the study.
Descriptive statistics were generated using IBM SPSS
(Chicago, IL, USA) version 22 and survival analysis
was conducted in SAS (Cary, NC, USA) version 9.4.3 of 8
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Table 1. Baseline characteristics of participants (n = 30)
Year at school† mean (SD) 8 (2)
Duration of knee pain
0–7 days 23.3%
1-4 weeks 30.0%
1-3 months 16.7%
>3 months 30.0%
Knee Pain (QVAS) mean (SD)
Now 3.8 (2.5)
Average 4.2 (2.1)
Best 1.3 (1.6)
Worst 8.0 (1.4)
Knee Disability (PSFS) mean (SD)
Light 4.6 (2.4)
Moderate 4.1 (2.4)
Vigorous/Sustained 4.3 (2.3)
FDI (scale 0–60) mean (SD) 15.2 (9.7)
LEFS (scale 0–80) mean (SD) 54.9 (14.7)
APARQ (min/week) median (IQR)
Moderate Physical Activity 90 (4, 360)
Vigorous Physical Activity 364 (220, 668)
Moderate-Vigorous Physical Activity 563 (459, 990)
QVAS = Quadruple Visual Analogue Scale; PSFS = Patient Speciﬁc
Functional Scale; FDI = Functional Disability Index; LEFS = Lower
Extremity Functional Scale; APARQ = Adolescent Physical Activity
Recall Questionnaire.
†In Sydney, Australia, school education is 13 years and divided into:
Primary school, which runs from age 5–6 years to age 11–12 years
(i.e. Kindergarten to Year 6) and Secondary school, which runs from
age 12–13 years to age 17–18 years (i.e. Year 7 to 12).
Childhood Knee Pain in Primary Care M. S. Swain et al.Results
Thirty participants (53.3% boys) with a mean age
(±SD) of 13.0 (±2.2) years were recruited over a period
of 26months. Forty-four physiotherapy clinics (includ-
ing 108 physiotherapists) were contacted to recruit
participants for this study; of these, only seven clinics
(8 physiotherapists) actually recruited participants toTable 2. Mean response rate to SMS tracking from the total number o
SMS 1. Pain
Now Average Acti
All participants
(n = 30)
74% (168/227) 71.8% (163/227) 75.8% (
Uncensored participants
(n = 20)
77.5% (117/151) 75.5% (114/151) 82.8% (
Censored participants
(n = 10)
67.1% (51/76) 64.5% (49/76) 61.8% (
Response rate: %. In parenthesis: (total number of SMS received / total nu
PSFS = Patient Speciﬁc Functional Scale; SMS = short messaging service.
4 of 8
102the study. Baseline characteristics of participants are
presented in Table 1.
Overall response rate to SMS tracking was 71.3%,
rates were signiﬁcantly lower in participants who were
censored than those that were not (Table 2). During
the SMS tracking period, 10 of the 30 participants
(33.3%) stopped responding to the weekly SMS before
meeting the recovery criterion (zero pain score for two
consecutive weeks) and were therefore censored. There
was no signiﬁcant difference between the baseline pain
and disability scores for censored versus uncensored
participants. At six-month follow-up, 24 out of 30 par-
ticipants (80%) completed all or part of the online
questionnaire (Table 3). There was no consistent pat-
tern of difference on the baseline scores between partic-
ipants that completed the six-month follow-up and
participants lost to follow-up (Additional Material:
Table S1).
The median time for knee pain recovery was 8weeks
(95%CI: 5 to 10weeks) (Figure 1) with 30% of partic-
ipants having knee pain for longer than 3months. At
six-month follow-up, the percentage of participants
who reported knee pain (≥1 on the QVAS-Now) at
the time of response was 29.2%.Discussion
This study explored the feasibility of conducting a lon-
gitudinal cohort study on the clinical course of knee
pain in children and adolescents presenting to physio-
therapy. We identiﬁed three major threats to study fea-
sibility: (1) the slow rate of recruitment; (2) the high
percentage of participants that stopped responding to
SMS tracking prior to recovery (33.3%); and (3) high
loss to follow-up at 6months (20%).f messages sent
SMS 2. Disability (PSFS)
All itemsvity 1 Activity 2 Activity 3
172/227) 67.8% (154/227) 67% (152/227) 71.3% (809/1135)
125/151) 70.9% (107/151) 70.2% (106/151) 75.4% (569/755)
47/76) 61.8% (47/76) 60.5% (46/76) 63.2% (240/380)
mber of SMS sent).
Physiother. Res. Int. 22 (2017) e1669 © 2016 John Wiley & Sons, Ltd.
Table 3. Response rates and mean values at 6-month follow-up
Questionnaire N Response rate
(%)
Mean score
(SD)
Pain (QVAS)
Now 24 80 0.7 (1.4)
Average 24 80 1.4 (1.3)
Best 24 80 0.2 (0.4)
Worst 24 80 4.0 (3.3)
Disability (PSFS)
Light 23 76.7 8.4 (3.0)
Moderate 23 76.7 8.1 (2.9)
Vigorous/Sustained 12 40 8.3 (3.9)
FDI (scale 0–60) 23 76.7 3.4 (5.9)
LEFS (scale 0–80) 22 73.3 72.9 (12.3)
APARQ (min/week)
Moderate Physical Activity 21 70 15 (0, 83)†*
Vigorous Physical Activity 21 70 323 (240, 573)†*
Moderate-Vigorous Physical
Activity
21 70 435 (304, 743)†*
*median, (IQR).
QVAS = Quadruple Visual Analogue Scale; PSFS = Patient Speciﬁc
Functional Scale; FDI = Functional Disability Index; LEFS = Lower
Extremity Functional Scale; APARQ = Adolescent Physical Activity
Recall Questionnaire; SD = standard deviation.
M. S. Swain et al. Childhood Knee Pain in Primary CarePoor patient recruitment and retention are two well-
known threats to feasibility in clinical studies. In this
study, recruitment relied on clinicians to screen and
enrol young people. The length of time it took to re-
cruit 30 participants (26months) was a major challenge
and represents a serious threat to the feasibility of
conducting a large study on this population. Forty-four
private physiotherapy clinics were approached toFigure 1. Kaplan–Meier survival plot for knee pain recovery in children
Physiother. Res. Int. 22 (2017) e1669 © 2016 John Wiley & Sons, Ltd.participate in this study; four of these declined on the
basis that their patient base consisted of too few young
people, and eight clinics did not respond to our re-
quests for assistance. Of the remaining 32 clinics with
which contact was made, only eight enrolled partici-
pants into the study. In order to be able to provide ro-
bust estimates of clinical course and identify prognostic
factors with sufﬁcient power, future studies on adoles-
cent MSK pain would need to include approximately
10 times the number of participants as this pilot study.
Fletcher et al., (Fletcher et al., 2012) found that the re-
cruitment activity of clinicians in clinical studies can be
improved by implementing qualitative methods at the
study design phases to what are likely barriers to re-
cruitment activity and how these may be overcome.
This may be an important factor to consider in future
studies to maximize clinician involvement.
Additionally the nature of the question used for
SMS tracking might have adversely inﬂuenced the
response rate in our study. The feasibility of SMS
was recently assessed in a study of Australian chil-
dren with haemophilia (Broderick et al., 2012). The
authors of this study used a yes/no response option
and reported a follow-up rate of 86.8% to document
bleeding episodes. In contrast, another study used
SMS to collect data on eating and exercise behaviour
in overweight children using response options on a
5-point Likert scale had a response rate of 67%
(Bauer et al., 2010). The response rates to the SMS
questions in our study were quite low. A mean re-
sponse rate of 71% represents a substantial threatand adolescents
5 of 8
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Childhood Knee Pain in Primary Care M. S. Swain et al.to study validity, as it is likely that this amount of
missing data would introduce bias into estimates of
prognosis calculated from a larger study. These re-
sponse rates to follow-up were lower than in a study
of Danish children with musculoskeletal pain (Jes-
persen et al., 2015), which can be most likely ex-
plained by the fact that data in the Danish study
were provided by parents, not children themselves.
Differences in nature of the question, population
(clinical versus population) and cultural attitudes to
medical research may also help explain this discrep-
ancy (Kelly et al., 2002).
Our rationale to explore the feasibility of electronic
data collection methods was, in part, motivated by
the desire to minimize both researcher and participant
burden and project expense. SMS reminders were used
in studies by Moller et al. and Jespersen et al. (Moller
et al., 2012; Jespersen et al., 2015) to improve data cap-
ture rates and also to ﬂag where additional participant
support was needed. In these studies, SMS reports of
pain or injury would prompt a follow-up telephone call
from researchers to further investigate the nature of the
problem. Thus, participants reporting pain would re-
ceive feedback, adding to the signiﬁcance of their re-
sponse. Participants in the study of Jespersen et al.
also received a clinical examination following the tele-
phone call, if indicated. The response rates to SMS
tracking in these two studies was much higher than
ours ranging from 85% to 96% suggesting that children
and their families respond better when there is greater
contact with study staff. The additional burden for re-
searchers and greater project cost may be necessary if
optimal response rates are to be obtained.
The third major threat to feasibility in this study was
participant retention. Over 30% of participants
stopped answering SMS questions prior to recovery,
and 20% of participants did not complete the 6months
follow-up questionnaire. A comparable loss to follow-
up rate is likely to introduce bias into estimates of
prognosis calculated from a larger study in the same
population. In our study, we reimbursed participants
for their time and the cost of their mobile phone use
only. Future research may be guided by literature that
suggests an actual ﬁnancial incentive (monetary) might
boost retention rates; notwithstanding, there are com-
plex ethical issues with incentivizing young people to
participate in research that must be considered. A def-
inite reward (as opposed to lotteries) has been demon-
strated to improve retention in young people6 of 8
104(Henderson et al., 2010) and this appears to increase
in proportion to the incentive value (Booker et al.,
2011). Alternate methods such as reminder telephone
calls also appear to have a greater effect in younger aged
cohorts. In this study we did not employ reminder cor-
respondence during the ﬁnal follow-up period, and on-
going SMS messages or mixed follow-up methods
(such as telephone calls) could have helped improve
the follow-up rate (Booker et al., 2011).
A limitation of our study is that we did not capture
information on the reason for participant attrition (at
both SMS and six-month follow-up). While the poten-
tial for electronic methods of data collection is clear,
the follow-up rates in our study were quite low. It is
possible that the density of information we sought, or
regularity of contact, was too onerous for some partic-
ipants and negatively inﬂuenced response rates.
Conclusion
Musculoskeletal conditions commonly affect young
people and can prompt them to seek help from pri-
mary care clinicians. Larger studies are needed to help
clinicians identify children at risk of poor recovery
and to also better inform management strategies. Find-
ing physiotherapists that were willing and able to iden-
tify, and recruit, participants to the study was
challenging. While the use of electronic data collection
methods is potentially useful in clinical research that
follows young people over time, the methods used in
our study led to unacceptably high levels of missing
data. Researchers embarking on research in the area
should seek solutions to the problems of low recruit-
ment rates and high loss to follow up when planning
large prospective studies in the future.
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Appendix 1 
 
Additional Material: Table S1. Differences in baseline measures for children and adolescents based on 
follow-up attrition. 
  Baseline mean difference (95% confidence interval) 
  SMS tracking Follow-up at 6 months 
  
(Uncensored n=20 vs. Censored 
n=10) 
(Responders n=24 vs. Drop out 
n=6) 
Age 1.5 (-0.3, 3.2), P=0.09 0.4 (-1.7, 2.5), P=0.72 
Gender   
 Male 65% vs. 30% X2=3.3, P=0.12 
58.3% vs. 33.3% X2=1.2, 
P=0.38  Female 35% vs. 70% 41.7% vs. 66.7% 
Year at school 1.2 (-0.5,2.8), P=0.15 0.04 (-1.9, 2.0), P=0.97 
Duration of pain   
 0-7 days 25% vs. 20% 
X2=2.2, P=0.54 
25% vs. 16.7% 
X2=0.2, 
P=0.98 
 1-4 weeks 35% vs. 20% 29.2% vs.33.3% 
 1-3 months 10% vs. 30% 16.7% vs. 16.7% 
 >3 months 30% vs. 30% 29.2% vs. 33.3% 
Pain (QVAS)   
 Now -0.2 (-2.2, 1.8), P=0.84 -1.1 (-3.5,1.2), P=0.33 
 Average -0.5 (-2.1, 1.2), P=0.56 -1.6 (-3.5, 0.2), P=0.08 
 Best -0.7 (-1.9, 0.6), P=0.3 -2.4 (-3.6, -1.2), P<0.05 
 Worst 0.3 (-0.9, 1.4), P=0.65 -0.3 (-1.6, 1.1), P=0.7 
Disability (PSFS)   
 Light 0.7 (-1.3, 2.6), P=0.5 0.2 (-2.1, 2.5), P=0.88 
 Moderate -0.4 (-2.3, 1.5), P=0.68 -0.7 (-2.9, 1.6), P=0.55 
 Vigorous/Sustained -1 (-2.8, 0.8), P=0.28 -1.1 (-3.3, 1.0), P=0.28 
FDI 3.8 (-4.0, 11.5), P=0.33 -2.6 (-11.8, 6.6), P=0.56 
LEFS -1.7 (-13.5, 10.2), P=0.78 6.8 (-15.4, 28.9), P=0.48 
APARQ   
 Moderate Physical Activity 172 (-178, 520), P=0.32 -107 (-538, 325), P=0.62 
 Vigorous Physical Activity -224 (-656, 207), P=0.30 134 (-401, 669), P=0.61 
 
Moderate-Vigorous Physical 
Activity -53 (-595, 489), P=0.86 27 (-634, 689), P=0.93 
CHQ-50   
 Physical functioning -4.8 (-17.5, 7.9), P=0.44 -12.9 (-28.2,2.5), P=0.1 
 Social role, emotional/behavioral -5 (-17.5, 7.6), P=0.43 -6.9 (-22.7,8.9), P=0.38 
 Social role, physical 2 (-13.8, 17.7), P=0.8 -1.5 (-21.3,18.3), P=0.88 
 Bodily pain 4.9 (-9.6, 19.4), P=0.5 0.8 (-17.6,19.3), P=0.93 
 Behavior -2.1 (-10, 5.7), P=0.58 -5.8 (-15.4,3.8), P=0.23 
 Mental health -4.4 (-11.6, 2.9), P=0.23 -2.5 (-11.8,6.8), P=0.59 
 Self-esteem -3.6 (-14.6, 7.3), P=0.5 -8.9 (-22.3,4.4), P=0.18 
 General health 1.9 (-9.4, 13.2), P=0.74 -6.2 (-20.2,7.9), P=0.38 
 Parental impact, emotional -6 (-20.1, 8.1), P=0.39 -16.8 (-33.5,-0.2), P=0.05 
 Parental impact, time 0.4 (-12.3, 13.2), P=0.94 -3.7 (-19.7,12.3), P=0.64 
 Family activities -3.8 (-17.3, 9.6), P=0.56 -9.9 (-26.5,6.7), P=0.23 
 Family cohesion -1.3 (-15.5, 13), P=0.86 -10.7 (-28.1,6.8), P=0.22 
QVAS, Quadruple Visual Analogue Scale. PSFS, Patient Specific Functional Scale. FDI, Functional Disability 
Index. LEFS, Lower Extremity Functional Scale. APARQ, Adolescent Physical Activity Recall Questionnaire. 
CHQ-50, Child Health Questionnaire - 50. 
107
  
 
 
 
 
 
 
 
 
 
Chapter Six 
Accuracy of clinical tests in the diagnosis of anterior cruciate ligament 
injury: a systematic review 
 
 “Certainty is the enemy of change.”  
- Salvador Minuchin  
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anterior cruciate ligament injury: a systematic
review
Michael S Swain1,2*, Nicholas Henschke1,3, Steven J Kamper1,4, Aron S Downie1,2, Bart W Koes5 and Chris G Maher1Abstract
Background: Numerous clinical tests are used in the diagnosis of anterior cruciate ligament (ACL) injury but their
accuracy is unclear. The purpose of this study is to evaluate the diagnostic accuracy of clinical tests for the
diagnosis of ACL injury.
Methods: Study Design: Systematic review. The review protocol was registered through PROSPERO
(CRD42012002069).
Electronic databases (PubMed, MEDLINE, EMBASE, CINAHL) were searched up to 19th of June 2013 to identify
diagnostic studies comparing the accuracy of clinical tests for ACL injury to an acceptable reference standard
(arthroscopy, arthrotomy, or MRI). Risk of bias was appraised using the QUADAS-2 checklist. Index test accuracy
was evaluated using a descriptive analysis of paired likelihood ratios and displayed as forest plots.
Results: A total of 285 full-text articles were assessed for eligibility, from which 14 studies were included in this
review. Included studies were deemed to be clinically and statistically heterogeneous, so a meta-analysis was not
performed. Nine clinical tests from the history (popping sound at time of injury, giving way, effusion, pain, ability to
continue activity) and four from physical examination (anterior draw test, Lachman’s test, prone Lachman’s test
and pivot shift test) were investigated for diagnostic accuracy. Inspection of positive and negative likelihood ratios
indicated that none of the individual tests provide useful diagnostic information in a clinical setting. Most studies
were at risk of bias and reported imprecise estimates of diagnostic accuracy.
Conclusion: Despite being widely used and accepted in clinical practice, the results of individual history items or
physical tests do not meaningfully change the probability of ACL injury. In contrast combinations of tests have
higher diagnostic accuracy; however the most accurate combination of clinical tests remains an area for future
research.
Clinical relevance: Clinicians should be aware of the limitations associated with the use of clinical tests for
diagnosis of ACL injury.
Keywords: Anterior cruciate ligament, Diagnosis, Medical history taking, Physical examination, Diagnostic test
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The anterior cruciate ligament (ACL) is an important
stabilising structure of the knee and its disruption is as-
sociated with pain and activity limitation [1]. The annual
incidence of ACL injury ranges from 0.01% to 0.05% [2],
however it is higher in sporting groups and most fre-
quently affects individuals during late adolescence and
early adulthood [3–5]. The prevalence of ACL injury in
adults presenting to primary care with acute knee pain is
estimated to be 4% [6]. Many cases are initially missed
[7] in primary care and these undiagnosed ACL injuries
are of concern because of the risk of cartilage tear and
premature knee osteoarthritis [8].
Clinical diagnosis of ACL injury is based upon history
and physical examination findings with suspected cases
confirmed by MRI or arthroscopy [9]. Numerous clinical
tests and findings have been proposed to aid the diagno-
sis of ACL injury. A popping sound, swelling and in-
stability following high impact sport trauma along with a
positive Lachman’s, anterior draw or pivot shift test is
the most common method of clinical diagnosis [9]. How-
ever, there are over 25 specific physical tests and numerous
features from the clinical history that have been proposed
for detection of ACL injury [10]. At present the diagnostic
accuracy of these tests is unclear.
Most existing reviews evaluating the accuracy of tests
to diagnose ACL injury [6,11–14] are now over a decade
old and contain methodological limitations such as in-
clusion of inappropriate studies and pooling of estimates
from heterogeneous studies. Since these reviews were
published there has been much progress in the diagnos-
tic field with regard to study appraisal and synthesis
[15]. There is now a greater appreciation of how design
features may lead to biased estimates of diagnostic test
accuracy and when meta-analysis is justified. In addition
it is likely that more recent primary research studies
have been conducted in the area of ACL diagnosis.
The objective of this systematic review was to report
the diagnostic accuracy of clinical tests for the diagnosis
of ACL injury and describe the quality of research evalu-
ating these tests.
Methods
A systematic review protocol [16] was registered at the
International Prospective Register of Systematic Reviews -
PROSPERO 2012:CRD42012002069.
Identification of selected studies
Electronic databases (PubMed, MEDLINE, EMBASE, and
CINAHL) were searched for eligible diagnostic studies from
the earliest year possible up to 19th of June 2013. The
search strategy was developed for PubMed and modified
for use in other databases (Additional file 1: Table S1). The
reference lists of all included publications and relevant110systematic reviews were checked and forward citation
searches performed.
Eligibility criteria
Diagnostic studies were eligible if they compared the ac-
curacy of history taking or physical examination to an
acceptable reference standard (arthroscopy, arthrotomy,
or MRI) in the identification of ACL injury. Both pro-
spective and retrospective studies were eligible for inclu-
sion. We did not include case control studies as they
substantially overestimate diagnostic accuracy compared
with studies that use a clinical population [17].
The focus of this review was on studies that evaluated
patients presenting to a care provider for diagnosis of
knee pain or dysfunction, where the diagnostic accuracy
of individual, or combinations of, history features or
physical assessment procedures was evaluated. Studies in
which a substantial proportion of recruited patients had
already been diagnosed with ACL injury were excluded
to minimise verification bias [17].
Included studies had to report sufficient data on diagnos-
tic tests to enable construction of a 2 × 2 table so estimates
of diagnostic accuracy (such as sensitivity and specificity)
could be calculated. Studies that evaluated the accuracy of
an unspecified combination of history and physical examin-
ation, such as clinical diagnosis or global clinician judgment
were excluded as they do not allow for replication, valid-
ation and generalization of the study results [18].
If studies had been reported in abstracts or conference
proceedings, the related full publications were retrieved
if available, but only full articles published in peer-
reviewed journals were included. Studies published in all
languages were considered eligible and translations were
sought where necessary.
Study selection
Two authors (MS and NH) independently screened all
titles and abstracts identified in the searches with respect
to the inclusion and exclusion criteria. Full text copies of
potentially relevant articles were retrieved and final in-
clusion or exclusion was determined. Disagreements re-
garding inclusion were resolved by consensus, including
a third review author (SK) where necessary.
Data extraction
Three review authors (MS, NH, SK) independently ex-
tracted information from the included studies. Data were
extracted into a specifically designed spreadsheet and in-
cluded details on the study design, setting, enrolment
procedures, number of participants, patient demograph-
ics, and time since initial ACL injury. Details of the type
of index test and the type of reference standard were
also extracted and the proportion of participants with
ACL injuries was calculated for each included study.
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true negative and false negative) were either extracted from
the publications or reconstructed using information from
other reported parameters (sensitivity, specificity, or pre-
dictive values). Uninterpretable index test outcomes, such
as an equivocal finding were dealt with as a negative index
test finding. The authors of one study [19] were contacted
and provided additional information.
Quality assessment
The quality of each included study was assessed by two
review authors (MS, NH) using the QUality Assessment
of Diagnostic Accuracy Studies (QUADAS-2) checklist
[20]. The QUADAS-2 checklist consists of four domains
relating to patient selection, index test, reference stand-
ard, and flow and timing. Each domain is assessed in
terms of risk of bias, and the first 3 domains are also
assessed in terms of applicability. The review authors
classified each item as “yes” (adequately addressed), “no”
(inadequately addressed), or “unclear” (inadequate detail
presented to allow a judgment to be made). Disagree-
ments were resolved by consensus and consulting with a
third (SK) review author where necessary.
Synthesis of results
The two-by-two tables were used to calculate index test
summary statistics: sensitivity, specificity, likelihood ra-
tios along with their 95% confidence intervals using
MetaDiSc 1.4. Index test accuracy was presented as for-
est plots of likelihood ratios, as likelihood ratios provide
the best way for clinicians to use diagnostic data to es-
tablish clinical diagnoses in patient care [21]. Categorisa-
tion of likelihood ratios was adopted from Jaeschke et al.
[18] where positive likelihood ratios (+LR) <5 and a
negative likelihood ratios (−LR) >0.2 were considered small,
+LR 5–10 and –LR 0.1-0.2 were moderate, and + LR>10
and –LR <0.1 were considered large, with respect to chan-
ging the pre to post-test probability.
Both clinical and statistical heterogeneity as well as
methodological quality were evaluated to determine the
appropriateness of meta-analysis. Assessment of clinical
heterogeneity involved comparison of the study popula-
tions, settings, performance of index tests and reference
standards among included studies. Assessment of statis-
tical heterogeneity involved visual inspection of forest
plots and performance of the chi-square (χ2) test and
calculation of the inconsistency index (I2) which quantifies
the proportion of variation across the included studies that
is due to heterogeneity rather than chance [22].
Results
Study selection
The initial database searches retrieved 21,691 citations
of which 10,796 citations remained after duplicates were111removed (Figure 1). Screening of the titles and abstracts
identified 285 potentially relevant articles that were re-
trieved in full text format. Forwards and backwards cit-
ation tracking identified 12 potentially relevant articles
which were also retrieved. Fourteen articles were finally
included, of which 11 were published in English [19,23–32]
and three in German [33–35]. Additional file 2: Table S2
lists the reasons for excluding 28 articles that were included
in one or more of the previous five systematic reviews.
Description of included studies
Of the 14 included articles, 10 had a prospective study
design [19,23,24,28–30,32–35], two used a retrospective
design [26,27] and for two studies [25,31] the design was
unclear (Table 1).
Only one study [19] evaluated the diagnostic accuracy
of clinical tests in primary care. The other 13 studies
evaluated the accuracy of clinical tests in secondary con-
tact settings, defined here as either a referral to an
orthopaedic department or presentation to an accident
and emergency department. In three studies the refer-
ence standard was MRI [19,24,27], eight studies applied
arthroscopy [23,26,29–32,34,35] and three studies ap-
plied either arthroscopy or arthrotomy [25,28,33]. Only
five studies [25–27,29,30] reported in detail the method
of index test application with slight variations between
them in the way the index tests was performed.
Nine studies [19,23,26,28,30–32,34,35] assessed diag-
nostic accuracy for partial or complete ACL injuries,
however only four of these [19,23,30,32] provided suffi-
cient information to determine if the index test result
pertained to a partial or complete disruption of the ACL.
Injury severity (partial or complete ACL disruption) was
unclear and treated as partial and complete injuries in the
remaining studies. Nine studies [19,24–26,28,30,31,33,35]
described ACL injuries with concomitant injury to
other knee structures, while comorbid knee injuries
were unclear or not reported in the remaining five
studies [23,27,29,32,34].
There was variability between participants in the in-
cluded studies with respect to sample size (50–350),
average age (25–40 years), proportion of males (52%-
100%) and time since ACL injury (one day to longer
than one year). The prevalence of verified partial and
complete ACL injury ranged from 21%-81%.
Quality assessment
The QUADAS-2 ratings of risk of bias and study applic-
ability are shown in Table 2. Only one study [19] ad-
equately addressed all risk of bias domains. For the 14
studies, risk of bias was high or unclear with regard to
patient selection for 10 studies, for the index text four
studies, for the reference standard nine studies and for
flow and timing eight studies.
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Records after duplicates removed 
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Records screened 
(n= 10,808)
Records discarded 
(n =10,523)
Full-text articles assessed
for eligib ility 
(n = 285)
Full-text articles  
excluded: 
Type of study n=79
Participants n=52
Index tests n=140
Studies included in 
descriptive synthesis (n = 14)
Investigations included 
quantitative synthesis 
[meta-analysis] 
(n = 0)
Additional records identified 
through citation tracking 
(n = 12)
Figure 1 PRISMA flow diagram of studies through the review.
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standard was assessed without knowledge of the results
of the index test, while in 12 studies this was unclear
[23–26,28–35]. In one study the reference standard was
not applied independently of clinical tests [27]. Six stud-
ies [24,27,28,32,34,35] included all enrolled participants
in the analysis. Across the remaining eight studies
[19,23,25,26,29–31,33] the number of participants left
out of the analyses ranged from 1%-71% of those origin-
ally included.
Diagnostic accuracy of clinical tests
A total of nine clinical index tests were identified by this
review. Five tests were items from the clinical history
(popping sound at time of injury, giving way, effusion,
pain, ability to continue activity) and four index tests
were applied as part of physical assessment (the anterior
draw test, Lachman’s test, prone Lachman’s test, the
pivot shift). Three of the tests were also performed
under anaesthesia (anterior draw test, Lachman’s test,
pivot shift test). Diagnostic accuracy statistics for all
index tests are presented as supplemental material
(Additional file 3: Table S3). The anterior draw,
Lachman and pivot shift tests were each evaluated in
subgroups where the tests were applied in secondary
contact settings to identified partial and complete ACL
injury. The chi-square test ranged from χ2 = 50.66, 6df,112P < 0.001 to χ2 = 6.55, 4df, P = 0.16 and the inconsist-
ency indexes were typically high (>75%) ranging from
99.2% to 38.9%. The three physical tests plotted on the
ROC plane as well the subgroups sensitivity and specificity
forest plots are presented as supplementary information
(Additional file 4: Figure S1, Additional file 5: Figure S2).
The variability in patient spectrum and performance of
index tests among the included studies resulted in import-
ant clinical and statistical heterogeneity. In addition, only a
small number of studies evaluate specific clinical tests, with
all but one study at high risk of bias, so a decision was
made not to perform a meta-analysis. The diagnostic accur-
acy of individual clinical tests for ACL injury along with
thresholds for defining clinical usefulness (i.e. small, moder-
ate and large change in post-test probability) are illustrated
in Figure 2. The number of studies that evaluated each indi-
vidual test ranged from two studies for clinical history items
to nine studies for Lachman’s test.
Only two studies [19,30], from different settings (pri-
mary and secondary care), investigated test accuracy for
clinical history items. Clinical history items had low
value in correctly diagnosing ACL injury (+LR range
0.93-2.54, −LR range 0.15-1.18) (Figure 2).
Six studies [19,23,24,27,31,34] reported the accuracy of
the anterior draw test in diagnosing ACL injury. Small,
moderate and large +LR (range 1.94-87.88) were ob-
served for the anterior draw test across studies. The
Table 1 Characteristics of included studies
First author,
year
Design Setting Participants Partial and
complete ACL
tear prevalence
% (n)
Complete ACL
tear prevalence
% (n)
Reference
standard(s)
Beldame,
2011 [23]
Prospective University hospital, France. *112 patient/knees with an
indication for knee arthroscopy.
37.5% (42) 28.5% (32) Arthroscopy
Boeree, 1991
[24]
Prospective Orthopaedic clinic, UK. 203 patient/knees referred from
GPs or the A&E.
29.1% (51) nr MRI
Decker, 1988
[33]
Prospective Hospital, Germany. †108 patient/knees suspected
to have knee ligament injury.
61.1% (66) nr Arthroscopy/
Surgery
Harilainen,
1987 [25]
Unclear Emergency department,
Finland.
†350 patient/knees with acute
knee injury.
41.7% (146) nr Arthroscopy/
Arthrotomy
Katz, 1986 [26] Retrospective Community hospital, USA. 85 participant/knees with knee
injuries presenting for arthroscopy.
25.9% (22) nr Arthroscopy
Lee, 1988 [27] Retrospective Orthopaedic department
of a hospital, USA.
79 magnetic resonance studies
of the knee were reviewed.
29.1% (22) nr MRI
Lucie, 1984
[28]
Prospective Orthopaedic clinic, USA. 50 patient/knees with acute
traumatic knee haemarthrosis.
76.0% (38) nr Arthroscopy/
Arthrotomy
Mulligan, 2011
[29]
Prospective Orthopaedic surgery and
sports medicine service,
USA.
*†52 patient/knees with a
complaint of knee pain referred
from emergency department.
44.2% (23) nr Arthroscopy
Noyes, 1980
[30]
Prospective Orthopaedic/Sports
medicine knee clinic, USA.
*85 injured knees (83 patients)
that had traumatic haemarthrosis.
71.8% (61) 43.5% (37) Arthroscopy
Richter, 1996
[34]
Prospective Hospital, Germany. 74 patient/knees with effusion
of the knee following trauma.
78.4% (58) 64.9% (48) Arthroscopy
Schwartz,
1997 [35]
Prospective Hospital, Germany. 58 patient/knees with acute
knee injury.
81.0% (47) 65.5% (38) Arthroscopy
Tonino, 1986
[31]
Unclear Hospital, Netherlands. *66 patient/knees with acute
symptoms of a ligamentous
lesion of the knee after trauma.
45.5% (30) nr Arthroscopy
Wagemakers,
2010 [19]
Prospective GP clinics, Netherlands. *134 patient/knees with
new knee symptoms.
20.9% (28) 12.7% (17) MRI
Wong, 1999
[32]
Prospective Orthopaedic department of
a hospital, Hong Kong.
91 patient/knees with an acute
knee haemarthrosis.
nr 56.0% (51) Arthroscopy
nr: not reported.
*Not all participants evaluated by index test(s).
†Not all participants evaluated by reference standard.
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were reported in studies with high risk of bias. All –LRs
(range 0.23-0.74) for the anterior draw test were within
the small threshold.
Nine studies [19,23–25,27,31,32,34,35] investigated the
accuracy of Lachman’s test in diagnosing ACL injury. Small,
moderate and large LRs (+LR range 1.39-40.81, −LR range
0.02-0.52) were reported for Lachman’s test across the stud-
ies. Studies that report moderate or large LRs tended to be
at risk of bias and had wide confidence intervals. One study
[29] investigated the prone Lachman’s test and reported
small and imprecise LRs (+LR 3.50, −LR 0.38).
Five studies [23,24,30,31,34], all at risk of bias, evalu-
ated the accuracy of the pivot shift test. Small, moderate
and large +LRs (range 4.37-16.42) and small –LRs (range
0.38-0.84) were reported for the pivot shift test in all
studies. Accuracy estimates with moderate and large
+LRs tended to lack precision.113Five studies at high risk of bias [26,28,30,31,33] inves-
tigated physical tests when examination was performed
under anaesthesia (EUA) (Additional file 6: Figure S3).
The anterior draw test, Lachman’s test and pivot shift test
appear to provide improved diagnostic accuracy when
examination is performed under anaesthesia. While LRs are
moderate-large the confidence intervals around the +LR
estimates are wide.
Only one study, from the primary care setting with
low risk of bias, provided data on the effect of combin-
ing clinical tests [19]. Specifically, this included two or
three positive history tests (from a list of popping sensa-
tion, giving way, effusion, immediate pain at trauma and
continuation of activity impossible) as well as a positive
anterior draw or Lachman’s test (Figure 3). The addition
of a positive anterior draw test to the combinations of
two positive history tests increase the +LR (4.81) close to
moderate diagnostic threshold. The addition of a third
Table 2 Risk of bias and applicability concerns summary based on the QUADAS-2 checklist
Risk of bias Applicability concerns concerns
First author, year Patient selection Index test Reference standard Flow and timing Patient selection Index test Reference
standard
Beldame, 2011 [23] ? + + - + + +
Boeree, 1991 [24] - ? + + + + +
Decker, 1988 [33] ? + ? - + + +
Harilainen, 1987 [25] + ? ? - + + +
Katz, 1986 [26] - + ? + + + +
Lee, 1988 [27] - + ? - + + +
Lucie, 1984 [28] - + ? - + + +
Mulligan, 2011 [29] + + ? ? + + +
Noyes, 1980 [30] - ? + - ? + +
Richter, 1996 [34] - + ? + + + +
Schwartz, 1997 [35] - + + + + + +
Tonino, 1986 [31] - + ? ? + + +
Wagemakers, 2010 [19] + + + + + + +
Wong, 1999 [32] + ? ? + + + +
Judgements on risk of bias and applicability concerns: − = high risk; ? = unclear risk; + = low risk.
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but reduced the –LR (0.82).
Discussion
This systematic review included 14 studies that evalu-
ated the diagnostic accuracy of clinical tests for ACL in-
jury. Just one study, which was the only study performed
in primary care, had a low risk of bias and showed that re-
sults of individual tests produce only small changes in the
probability of ACL injury. The same study investigated the
diagnostic accuracy of combining history items with phys-
ical tests and reported improved accuracy when doing so.
The other studies, performed in secondary contact settings,
had moderate to high risk of bias and reported quite di-
verse and imprecise estimates of diagnostic accuracy. Based
upon these findings, clinical tests in combination, but not
individually, may assist the diagnosis of ACL injury.
The key strengths of the review include a pre-specified
and registered review protocol, the use of inclusion criteria
to ensure that the study settings reflected clinical practice
and the evaluation of study quality using the QUADAS-2
checklist. This review also reported likelihood ratios as they
are the preferred approach to report estimates of diagnostic
accuracy [21]. The limitations of the study were that sparse
data were available on most clinical tests and that we were
unable to perform a meta-analysis due to heterogeneity in
the estimates of diagnostic accuracy, risk of bias and clinical
characteristics. The heterogeneity among studies is well il-
lustrated by the results for Lachman’s test, where reported
+LRs ranged from 1.5 to 102, risk of bias varied and ACL
injury prevalence in the included studies ranged from 21%
to 81%.114The clinical tests reviewed are those most commonly
used for the diagnosis of ACL injury in clinical practice.
Our findings suggest that a clinician cannot rely on a
single clinical test in isolation, particularly one from the
clinical history, to identify patients with ACL injury. Due
to the fact that diagnostic decisions regarding ACL in-
jury are not made on the basis of a single test, studies
should ideally focus on test performance in combination.
The best estimates of diagnostic accuracy come from
Wagemakers et al. [19] whose data suggest that there
may be some potential in combining clinical tests, spe-
cifically the anterior draw test with two or three of the
following five history findings: popping sensation, giving
way, effusion, immediate pain at trauma and inability to
continue activity. Notwithstanding, these findings must
be interpreted with caution as a major drawback of
Wagemakers et al’s study was its low power to suffi-
ciently analyse multiple combined tests. An important
direction for future research is identification of the opti-
mal combination of currently available clinical tests to
accurately diagnose ACL injury. While the literature re-
garding the accuracy of currently used tests is of variable
quality, those identified in this body of literature (and in-
cluded in this review) are the logical candidates to inves-
tigate using more robust methods. Such studies are well
suited to primary care settings (limiting referral bias),
but sample sizes will need to be substantially larger than
studies to date in order to investigate multiple sequen-
cing of index tests.
In contrast to our findings, previous systematic re-
views have concluded that individual clinical tests can be
used to accurately diagnose ACL injury [11,14]. The
Figure 2 (See legend on next page.)
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Figure 2 Diagnostic accuracy of clinical examination for ACL injury. Legend: Risk of bias judgements: (−) = high risk; (?) = unclear risk; (+) =
low risk. LR thresholds: +LR <5 and -LR >0.2 = small; +LR 5–10 and; −LR 0.1–0.2 =moderate and +LR >10 and –LR <1 = large. Studies that reported
estimates for complete ACL injury as well as partial and complete ACL injury estimates have been plotted together to provide a comparison of
test performance. Different symbols are used for the estimates for complete versus partial and complete ACL injury and for primary care versus
secondary contact settings. *joint effusion 2 hours; †joint effusion 12 hours; ‡immediate pain at trauma; §pain none to slight; ||pain moderate to
severe; ¶guarded or painful ROM 24 hours after injury. Guide for interpretation: Greater distance between the –LR and +LR symbols for the test
indicates better diagnostic performance.
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included studies evaluating a clinical sample with diag-
nostic uncertainty. Other reviews have included case–
control studies, a study design which has been shown
to inflate estimates of diagnostic accuracy [36]. Our
decision to interpret test accuracy via clinically usefully
thresholds of likelihood ratios also distinguishes this
from previous reviews. A final point of difference con-
cerns our decision not to pool accuracy estimates,
which we believe this is the only appropriate course
given the risk of bias and heterogeneity evident in the
included studies.
Although we applied a critical approach to study selec-
tion we still identified several methodological issues that
affect internal validity and may result in overestimation
of diagnostic test accuracy [17,37]. The spectrum of pa-
tients in the included studies varied because of different
methods in patient sampling. Most obviously, the char-
acteristics of the samples varied due to the differences in
study inclusion and exclusion criteria. Two recent pro-
spective cohort studies illustrate this: Wagemakers et al.
[19] included participants with new knee symptoms andFigure 3 Diagnostic accuracy of composite index tests for partial and
and -LR >0.2 = small; +LR 5–10 and; −LR 0.1–0.2 = moderate and +LR >10 a
the –LR and +LR symbols for the test indicates better diagnostic performan
116excluded participants who were suspected of knee frac-
ture; whereas Beldame et al. [23] included participants
with indication for knee arthroscopy, meaning the sam-
ple was subject to referral filter bias [37]. The paucity of
diagnostic studies for ACL injury conducted in primary
care also suggests caution should be taken when general-
ising these findings to this setting.
In some instances the index tests were not applied to
all participants prior to the application of the reference
test, or the reference test was performed without a clin-
ical test. There was under reporting of reasons for pa-
tient exclusion and withdrawals. Reporting was deficient
in most primary studies which limited our appraisal of
study quality. This is perhaps most evident with respect
to risk of bias domains associated with blinding of the
index tests and reference standards. Where multiple
index tests were applied concurrently it is unclear the
extent to which knowledge of prior testing (test review
bias) overestimated the accuracy of index tests. Similarly,
there was concern that the invasive nature of knee arth-
roscopy or surgery as a reference test may have affected
the flow of participants through some studies. In thesecomplete ACL injury in primary care. Legend: Thresholds: +LR <5
nd -LR <1 = large. Guide for interpretation: Greater distance between
ce.
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have received a reference test creating partial verification
bias.
Conclusion
This systematic review of clinical tests for ACL injury in-
corporates the most recent knowledge of diagnostic test
accuracy methods. The findings highlight the lack of
clinical test accuracy data to support the use of history
and physical examination to diagnose ACL injury. Most
diagnostic studies on this topic contain methodological
flaws which can overestimate the diagnostic accuracy of
clinical tests. The available high quality evidence sug-
gests that tests are not useful on their own but combina-
tions may prove to be more useful.
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Table S1. PubMed search strategy 
1. Index test:
"Medical History Taking"[mesh] OR history[tw] OR Pain[mesh] OR pain[tw] OR 
complaint*[tw] OR dysfunction*[tw] OR disabil*[tw] OR “Physical Examination” [mesh] OR 
"physical examination"[tw] OR "function test"[tw] OR "physical test"[tw] OR ((clinical[tw] OR 
clinically[tw]) AND (diagnosis[tw] OR sign[tw] OR signs[tw] OR significance[tw] OR 
symptom*[tw] OR parameter*[tw] OR assessment[tw] OR finding*[tw] OR evaluat*[tw] OR 
indication*[tw] OR examination*[tw])) OR “Joint instability”[mesh] OR “give way”[tw] OR 
pop[tw] OR “lachman test”[tw] OR “anterior drawer test”[tw] OR “pivot shift test”[tw]  
2. Target condition:
“Anterior Cruciate Ligament”[mesh] OR “ACL”[tw] OR “anterior cruciate”[tw] OR 
“Cruciate”[tw] 
3. Exclusion criteria:
(Animals[mesh] NOT (Animals[mesh] AND Humans[mesh])) NOT "case report"[ti] 
4. Search combination
1 AND 2 NOT 3 
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Previously included study  Review included Reason for exclusion
al‐Duri 1992 Scholten, 2003 Study: Insufficient data to construct 2 × 2; Participants: diagnosed ACL injuries
Scholten, 2003
Benjaminse, 2006
van Eck, 2012
Benjaminse, 2006
van Eck, 2012
Solomon, 2001
Jackson, 2003
Scholten, 2003
Benjaminse, 2006
Scholten, 2003
Benjaminse, 2006
Solomon, 2001
Benjaminse, 2006
Van Eck, 2012
Solomon, 2001
Benjaminse, 2006
Van Eck, 2012
Solomon, 2001
Jackson, 2003
Benjaminse, 2012
Van Eck, 2012
Fowler 1989 Solomon, 2001 Index test: No specific clinical test(s) used in the diagnosis of ACL injury
Gurtler 1987 Solomon, 2001 Participants: Were patients with arthroscopically documented complete ACL tears; Study: insufficient data
Scholten, 2003
Benjaminse, 2006
Van Eck, 2012
Solomon, 2001
Jackson, 2003
Benjaminse, 2006
Van Eck, 2012
Solomon, 2001
Jackson, 2003
Benjaminse, 2006
Van Eck, 2012
Kim 1995 Benjaminse, 2006 Study: Insufficient data; Patients with arthroscopically proven ACL injury
Benjaminse, 2006
Evan Eck, 2012
Solomon, 2001
Jackson, 2003
Benjaminse, 2006
Van Eck, 2012
Solomon, 2001
Benjaminse, 2006
Van Eck, 2012
O'Shea 1996 Solomon, 2001 Index test: General examination 
Otter 1994 Benjaminse, 2006 Study: non‐peer reviewed
Rose 1996 Solomon, 2001 Participants: Clinically diagnosed ACL tear; Index tests: General examination
Scholten, 2003
Benjaminse, 2006
Scholten, 2003
Benjaminse, 2006
Van Eck, 2012
Simonsen 1984 Solomon, 2001 Index test: General examination 
Schlten, 2003
Benjaminse, 2006
Strand 1995 Van Eck, 2012 Participants: Found by having arthroscopically proven ACL rupture
Jackson, 2003
Scholten, 2003
Benjaminse, 2006
Warren 1978  Benjaminse, 2006 Participants: Patients had sustained ACL injury
Wirth 1985 Van Eck, 2012 Participants: Patients had proven rupture of the ACL
Table S2: Excluded articles from previous systematic reviews
Anderson 1989 Participants: Patients were suspected to have cruciate ligament tears
Bomberg 1990 Participants: Only included patients with ACL injury in analysis; Insufficient data to reconstruct2 x 2 table 
Braunstein 1982 Participants: Comparison made with surgically proven cases
Cooperman 1990 Participants: Over 1/3 of the patients had an ACL injury as determined by arthroscopy/arthrotomy on entering the study. Reference test: No other participants (other 
Dahlstedt 1989 Study: Insufficient data to reconstruct 2 x 2; Participants: Patients included were those with arthroscopically verified complete anterior cruciate ligament rupture
Dehaven 1980 Study: Insufficient data to reproduce 2 x 2
Donaldson 1985 Study: Insufficient data to reconstruct 2 x 2 table; Participants: Included only patients found to have ACL tears
Hardaker 1990 Insufficient data: Only the proportion of positive index test data was presented 
Hughston 1976 Participants: Had medial‐compartment or cruciate ligament tears – insufficient diagnostic uncertainty
Jonsson 1982 Study: Insufficient data to reconstruct 2 x 2 table
Learmonth 1991 Participants: All patients with a normal Lachman test were discharged, leaving only data forthose with positive tests 
Liu 1995 Study: Insufficient data to reconstruct 2 x 2 table 
Steinbruck 1988 Study design: Insufficient data to recreate 2x2 tables
Torg 1976 Study design: Insufficient data to recreate 2x2 tables
Mitsou 1988 Study: Insufficient data to reconstruct 2 x 2 table; Participants: Included only patients found to have ACL tears
Rubinstein 1994 Participants:  Participants with known diagnoses
Sandberg 1986 Participants: High level of diagnostic certainty 
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;ϭ
͘ϭ
Ϭƚ
Ž
ϲ͘
ϭϰ
Ϳ
'ŝ
ǀŝŶ
Őǁ
ĂǇ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϭ
ϰϰ
ϲ
ϲϵ
Ϭ͘
ϲϱ
;Ϭ
͘ϯ
ϴƚ
Ž
Ϭ͘
ϴϲ
Ϳ
Ϭ͘ϲ
ϭ;
Ϭ͘
ϱϭ
ƚŽ
Ϭ͘
ϳϬ
Ϳ
ϭ͘
ϲϲ
;ϭ
͘Ϭ
ϵƚ
Ž
Ϯ͘
ϱϯ
Ϳ
Ϭ͘
ϱϴ
;Ϭ
͘ϯ
Ϭƚ
Ž
ϭ͘
ϭϮ
Ϳ
Ϯ͘
ϴϴ
;Ϭ
͘ϵ
ϵƚ
Ž
ϴ͘
ϯϯ
Ϳ
Ĩ
ĨƵ
ƐŝŽ
Ŷ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϮ
Ϯϳ
ϭϲ
ϳϯ
Ϭ͘
ϰϯ
;Ϭ
͘Ϯ
ϱƚ
Ž
Ϭ͘
ϲϯ
Ϳ
Ϭ͘
ϳϯ
;Ϭ
͘ϲ
ϯƚ
Ž
Ϭ͘
ϴϭ
Ϳ
ϭ͘
ϱϴ
;Ϭ
͘ϵ
ϯƚ
Ž
Ϯ͘
ϳϭ
Ϳ
Ϭ͘
ϳϴ
;Ϭ
͘ϱ
ϲƚ
Ž
ϭ͘
ϭϬ
Ϳ
Ϯ͘
Ϭϯ
;Ϭ
͘ϴ
ϱƚ
Ž
ϰ͘
ϴϰ
Ϳ
Ĩ
ĨƵ
ƐŝŽ
Ŷ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϵ
ϯϬ
ϴ
ϴϭ
Ϭ͘
ϱϯ
;Ϭ
͘Ϯ
ϴƚ
Ž
Ϭ͘
ϳϳ
Ϳ
Ϭ͘
ϳϯ
;Ϭ
͘ϲ
ϰƚ
Ž
Ϭ͘
ϴϭ
Ϳ
ϭ͘
ϵϲ
;ϭ
͘ϭ
ϰƚ
Ž
ϯ͘
ϯϳ
Ϳ
Ϭ͘
ϲϱ
;Ϭ
͘ϯ
ϵƚ
Ž
ϭ͘
Ϭϴ
Ϳ
ϯ͘
Ϭϰ
;ϭ
͘Ϭ
ϳƚ
Ž
ϴ͘
ϲϬ
Ϳ
Ž
Ŷƚ
ŝŶ
ƵĂ
ƚŝŽ
Ŷ
ŽĨ
ĂĐ
ƚŝǀ
ŝƚǇ
ŝŵ
ƉŽ
ƐƐ
ŝď
ůĞ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϭ
ϰϰ
ϳ
ϱϱ
Ϭ͘
ϳϱ
;Ϭ
͘ϱ
ϱƚ
Ž
Ϭ͘
ϴϵ
Ϳ
Ϭ͘
ϱϲ
;Ϭ
͘ϰ
ϱƚ
Ž
Ϭ͘
ϲϲ
Ϳ
ϭ͘
ϲϵ
;ϭ
͘Ϯ
ϰƚ
Ž
Ϯ͘
Ϯϵ
Ϳ
Ϭ͘
ϰϱ
;Ϭ
͘Ϯ
ϯƚ
Ž
Ϭ͘
ϴϴ
Ϳ
ϯ͘
ϳϱ
;ϭ
͘ϰ
ϲƚ
Ž
ϵ͘
ϲϯ
Ϳ
Ž
Ŷƚ
ŝŶ
ƵĂ
ƚŝŽ
Ŷ
ŽĨ
ĂĐ
ƚŝǀ
ŝƚǇ
ŝŵ
ƉŽ
ƐƐ
ŝď
ůĞ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϯ
ϱϮ
ϰ
ϱϴ
Ϭ͘
ϳϳ
;Ϭ
͘ϱ
Ϭƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϱϯ
;Ϭ
͘ϰ
ϯƚ
Ž
Ϭ͘
ϲϮ
Ϳ
ϭ͘
ϲϮ
;ϭ
͘ϭ
ϲƚ
Ž
Ϯ͘
Ϯϱ
Ϳ
Ϭ͘
ϰϱ
;Ϭ
͘ϭ
ϵƚ
Ž
ϭ͘
Ϭϳ
Ϳ
ϯ͘
ϲϯ
;ϭ
͘ϭ
ϭƚ
Ž
ϭϭ
͘ϴ
ϮͿ
/ŵ
ŵ
ĞĚ
ŝĂƚ
ĞƉ
ĂŝŶ
Ăƚ
ƚƌ
ĂƵ
ŵ
Ă
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϳ
ϳϱ
ϭ
Ϯϯ
Ϭ͘
ϵϲ
;Ϭ
͘ϴ
Ϯƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϭ͘
Ϯϰ
;Ϭ
͘ϭ
ϲƚ
Ž
Ϭ͘
ϯϯ
Ϳ
ϭ͘
Ϯϲ
;ϭ
͘ϭ
ϭƚ
Ž
ϭ͘
ϰϰ
Ϳ
Ϭ͘
ϭϱ
;Ϭ
͘Ϭ
Ϯƚ
Ž
ϭ͘
Ϭϴ
Ϳ
ϴ͘
Ϯϴ
;ϭ
͘Ϭ
ϳƚ
Ž
ϲϰ
͘ϯ
ϭͿ
/ŵ
ŵ
ĞĚ
ŝĂƚ
ĞƉ
ĂŝŶ
Ăƚ
ƚƌ
ĂƵ
ŵ
Ă
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϲ
ϴϲ
ϭ
Ϯϯ
Ϭ͘
ϵϰ
;Ϭ
͘ϳ
ϭƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϭ͘
Ϯϭ
;Ϭ
͘ϭ
ϰƚ
Ž
Ϭ͘
ϯϬ
Ϳ
ϭ͘
ϭϵ
;ϭ
͘Ϭ
Ϯƚ
Ž
ϭ͘
ϯϵ
Ϳ
Ϭ͘
Ϯϴ
;Ϭ
͘Ϭ
ϰƚ
Ž
ϭ͘
ϵϯ
Ϳ
ϰ͘
Ϯϴ
;Ϭ
͘ϱ
ϰƚ
Ž
ϯϯ
͘ϵ
ϴͿ
WŽ
ƉƉ
ŝŶ
ŐƐ
ĞŶ
ƐĂ
ƚŝŽ
Ŷ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϵ
ϲ
ϯϯ
ϭϮ
Ϭ͘
ϯϳ
;Ϭ
͘Ϯ
ϰƚ
Ž
Ϭ͘
ϱϭ
Ϳ
Ϭ͘
ϲϳ
;Ϭ
͘ϰ
ϭƚ
Ž
Ϭ͘
ϴϳ
Ϳ
ϭ͘
ϭϬ
;Ϭ
͘ϱ
Ϯƚ
Ž
Ϯ͘
ϯϭ
Ϳ
Ϭ͘
ϵϱ
;Ϭ
͘ϲ
ϱƚ
Ž
ϭ͘
ϰϬ
Ϳ
ϭ͘
ϭϱ
;Ϭ
͘ϯ
ϳƚ
Ž
ϯ͘
ϱϳ
Ϳ
WĂ
ŝŶ
Ŷ
ŽŶ
Ğƚ
Ž
Ɛůŝ
ŐŚ
ƚ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϳ
ϱ
ϯϱ
ϭϯ
Ϭ͘
ϯϯ
;Ϭ
͘Ϯ
Ϭƚ
Ž
Ϭ͘
ϰϳ
Ϳ
Ϭ͘
ϳϮ
;Ϭ
͘ϰ
ϳƚ
Ž
Ϭ͘
ϵϬ
Ϳ
ϭ͘
ϭϴ
;Ϭ
͘ϱ
ϭƚ
Ž
Ϯ͘
ϳϯ
Ϳ
Ϭ͘
ϵϯ
;Ϭ
͘ϲ
ϲƚ
Ž
ϭ͘
ϯϭ
Ϳ
ϭ͘
Ϯϲ
;Ϭ
͘ϯ
ϵƚ
Ž
ϰ͘
ϭϮ
Ϳ
WĂ
ŝŶ
ŵ
ŽĚ
Ğƌ
Ăƚ
Ğƚ
Ž
ƐĞ
ǀĞ
ƌĞ

EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϱ
ϭϯ
ϭϳ
ϱ
Ϭ͘
ϲϳ
;Ϭ
͘ϱ
ϯƚ
Ž
Ϭ͘
ϴϬ
Ϳ
Ϭ͘
Ϯϴ
;Ϭ
͘ϭ
Ϭƚ
Ž
Ϭ͘
ϱϰ
Ϳ
Ϭ͘
ϵϯ
;Ϭ
͘ϲ
ϲƚ
Ž
ϭ͘
ϯϭ
Ϳ
ϭ͘
ϭϴ
;Ϭ
͘ϱ
ϭƚ
Ž
Ϯ͘
ϳϯ
Ϳ
Ϭ͘
ϳϵ
;Ϭ
͘Ϯ
ϰƚ
Ž
Ϯ͘
ϱϵ
Ϳ
>ŝŵ
ď
ĐŽ
ůůĂ
ƉƐ
Ğ͕
ƉĂ
ƚŝĞ
Ŷƚ
ĨĞ
ůůƚ
Ž
Őƌ
ŽƵ
ŶĚ

EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϳ
ϭϮ
ϱ
ϲ
Ϭ͘
ϵϬ
;Ϭ
͘ϳ
ϵƚ
Ž
Ϭ͘
ϵϳ
Ϳ
Ϭ͘
ϯϯ
;Ϭ
͘ϭ
ϯƚ
Ž
Ϭ͘
ϱϵ
Ϳ
ϭ͘
ϯϲ
;Ϭ
͘ϵ
ϳƚ
Ž
ϭ͘
ϵϬ
Ϳ
Ϭ͘
Ϯϵ
;Ϭ
͘ϭ
Ϭƚ
Ž
Ϭ͘
ϴϯ
Ϳ
ϰ͘
ϳ;
ϭ͘
ϮϮ
ƚŽ
ϭϴ
͘Ϭ
ϱͿ
'Ƶ
Ăƌ
ĚĞ
Ě
Žƌ
Ɖ
ĂŝŶ
ĨƵ
ůZ
KD
;Ϯ
ϰŚ
ƌĂ
ĨƚĞ
ƌŝ
Ŷũ
Ƶƌ
ǇͿ

EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϵ
ϭϲ
ϯ
Ϯ
Ϭ͘
ϵϰ
;Ϭ
͘ϴ
ϰƚ
Ž
Ϭ͘
ϵϵ
Ϳ
Ϭ͘
ϭϭ
;Ϭ
͘Ϭ
ϭƚ
Ž
Ϭ͘
ϯϱ
Ϳ
ϭ͘
Ϭϲ
;Ϭ
͘ϴ
ϵƚ
Ž
ϭ͘
Ϯϳ
Ϳ
Ϭ͘
ϱϮ
;Ϭ
͘Ϭ
ϵƚ
Ž
Ϯ͘
ϴϲ
Ϳ
Ϯ͘
Ϭϰ
;Ϭ
͘ϯ
ϭƚ
Ž
ϭϯ
͘ϯ
ϯͿ
/Ŷ
Ăď
ŝůŝƚ
Ǉƚ
Ž
ƌĞ
ƐƵ
ŵ
ĞĚ
ƐƉ
Žƌ
ƚŝ
ŵ
ŵ
ĞĚ
ŝĂƚ
ĞůǇ
ĂĨ
ƚĞ
ƌŝ
Ŷũ
Ƶƌ
Ǉ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϰ
ϲ
ϴ
ϭϮ
Ϭ͘
ϴϱ
;Ϭ
͘ϳ
Ϯƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϲϳ
;Ϭ
͘ϰ
ϭƚ
Ž
Ϭ͘
ϴϳ
Ϳ
Ϯ͘
ϱϰ
;ϭ
͘ϯ
ϭƚ
Ž
ϰ͘
ϵϯ
Ϳ
Ϭ͘
Ϯϯ
;Ϭ
͘ϭ
ϭƚ
Ž
Ϭ͘
ϰϳ
Ϳ
ϭϭ
͘Ϭ
Ϭ;
ϯ͘
ϮϬ
ƚŽ
ϯϳ
͘ϴ
ϲͿ
:Ž
ŝŶ
ƚĞ
ĨĨƵ
ƐŝŽ
Ŷ
ϮŚ
ƌ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϱ
ϴ
ϭϳ
ϭϬ
Ϭ͘
ϲϳ
;Ϭ
͘ϱ
ϯƚ
Ž
Ϭ͘
ϴϬ
Ϳ
Ϭ͘
ϱϲ
;Ϭ
͘ϯ
ϭƚ
Ž
Ϭ͘
ϳϵ
Ϳ
ϭ͘
ϱϭ
;Ϭ
͘ϴ
ϳƚ
Ž
Ϯ͘
ϲϯ
Ϳ
Ϭ͘
ϱϵ
;Ϭ
͘ϯ
ϯƚ
Ž
ϭ͘
Ϭϰ
Ϳ
Ϯ͘
ϱϳ
;Ϭ
͘ϴ
ϲƚ
Ž
ϳ͘
ϳϬ
Ϳ
:Ž
ŝŶ
ƚĞ
ĨĨƵ
ƐŝŽ
Ŷ
ϭϮ
Śƌ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϯ
ϳ
ϵ
ϭϭ
Ϭ͘
ϴϯ
;Ϭ
͘ϳ
Ϭƚ
Ž
Ϭ͘
ϵϮ
Ϳ
Ϭ͘
ϲϭ
;Ϭ
͘ϯ
ϲƚ
Ž
Ϭ͘
ϴϯ
Ϳ
Ϯ͘
ϭϯ
;ϭ
͘ϭ
ϴƚ
Ž
ϯ͘
ϴϱ
Ϳ
Ϭ͘
Ϯϴ
;Ϭ
͘ϭ
ϰƚ
Ž
Ϭ͘
ϱϳ
Ϳ
ϳ͘
ϱϭ
;Ϯ
͘Ϯ
ϵƚ
Ž
Ϯϰ
͘ϲ
ϲͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϮϬ
ϰϰ
ϰ
ϱϵ
Ϭ͘
ϴϯ
;Ϭ
͘ϲ
ϯƚ
Ž
Ϭ͘
ϵϱ
Ϳ
Ϭ͘
ϱϳ
;Ϭ
͘ϰ
ϳƚ
Ž
Ϭ͘
ϲϳ
Ϳ
ϭ͘
ϵϱ
;ϭ
͘ϰ
ϳƚ
Ž
Ϯ͘
ϲϬ
Ϳ
Ϭ͘
Ϯϵ
;Ϭ
͘ϭ
Ϯƚ
Ž
Ϭ͘
ϳϮ
Ϳ
ϲ͘
ϳϭ
;Ϯ
͘ϭ
ϰƚ
Ž
Ϯϭ
͘Ϭ
ϭͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϰ
ϱϬ
Ϯ
ϲϭ
Ϭ͘
ϴϲ
;Ϭ
͘ϲ
Ϯƚ
Ž
Ϭ͘
ϵϴ
Ϳ
Ϭ͘
ϱϱ
;Ϭ
͘ϰ
ϱƚ
Ž
Ϭ͘
ϲϰ
Ϳ
ϭ͘
ϵϰ
;ϭ
͘ϰ
ϳƚ
Ž
Ϯ͘
ϱϲ
Ϳ
Ϭ͘
Ϯϯ
;Ϭ
͘Ϭ
ϲƚ
Ž
Ϭ͘
ϴϰ
Ϳ
ϴ͘
ϱϰ
;ϭ
͘ϴ
ϱƚ
Ž
ϯϵ
͘ϯ
ϲͿ
>Ă
ĐŚ
ŵ
ĂŶ

t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϮϬ
ϱϰ
ϱ
ϰϵ
Ϭ͘
ϴϬ
;Ϭ
͘ϱ
ϵƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϰϴ
;Ϭ
͘ϯ
ϴƚ
Ž
Ϭ͘
ϱϴ
Ϳ
ϭ͘
ϱϯ
;ϭ
͘ϭ
ϳƚ
Ž
Ϯ͘
ϬϬ
Ϳ
Ϭ͘
ϰϮ
;Ϭ
͘ϭ
ϵƚ
Ž
Ϭ͘
ϵϱ
Ϳ
ϯ͘
ϲϯ
;ϭ
͘Ϯ
ϳƚ
Ž
ϭϬ
͘ϰ
ϭͿ
>Ă
ĐŚ
ŵ
ĂŶ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϯ
ϲϭ
ϰ
ϱϬ
Ϭ͘
ϳϳ
;Ϭ
͘ϱ
Ϭƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϰϱ
;Ϭ
͘ϯ
ϲƚ
Ž
Ϭ͘
ϱϱ
Ϳ
ϭ͘
ϯϵ
;ϭ
͘Ϭ
Ϯƚ
Ž
ϭ͘
ϵϬ
Ϳ
Ϭ͘
ϱϮ
;Ϭ
͘Ϯ
Ϯƚ
Ž
ϭ͘
Ϯϲ
Ϳ
Ϯ͘
ϲϲ
;Ϭ
͘ϴ
Ϯƚ
Ž
ϴ͘
ϲϴ
Ϳ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϱϬ
ϱ
Ϯϭ
Ϯϲ
Ϭ͘
ϳϬ
;Ϭ
͘ϱ
ϴƚ
Ž
Ϭ͘
ϴϭ
Ϳ
Ϭ͘
ϴϰ
;Ϭ
͘ϲ
ϲƚ
Ž
Ϭ͘
ϵϱ
Ϳ
ϰ͘
ϯϳ
;ϭ
͘ϵ
ϯƚ
Ž
ϵ͘
ϴϴ
Ϳ
Ϭ͘
ϯϱ
;Ϭ
͘Ϯ
ϰƚ
Ž
Ϭ͘
ϱϮ
Ϳ
ϭϮ
͘ϯ
ϴ;
ϰ͘
ϭϵ
ƚŽ
ϯϲ
͘ϲ
ϮͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
Ž
Ğƌ
ĞĞ
͕ϭ
ϵϵ
ϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϯ
ϭϮ
Ϯϲ
ϭϯ
Ϯ
Ϭ͘
ϱϲ
;Ϭ
͘ϰ
Ϯƚ
Ž
Ϭ͘
ϲϵ
Ϳ
Ϭ͘
ϵϮ
;Ϭ
͘ϴ
ϲƚ
Ž
Ϭ͘
ϵϲ
Ϳ
ϲ͘
ϳϭ
;ϯ
͘ϳ
ϯƚ
Ž
ϭϮ
͘Ϭ
ϳͿ
Ϭ͘
ϰϴ
;Ϭ
͘ϯ
ϲƚ
Ž
Ϭ͘
ϲϰ
Ϳ
ϭϯ
͘ϵ
ϲ;
ϲ͘
ϯϴ
ƚŽ
ϯϬ
͘ϱ
ϱͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
>Ğ
Ğ͕
ϭϵ
ϴϴ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϴ
Ϭ
ϱ
ϱϲ
Ϭ͘
ϳϴ
;Ϭ
͘ϱ
ϲƚ
Ž
Ϭ͘
ϵϯ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϵ
ϰƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϴϳ
͘ϴ
ϴ;
ϱ͘
ϱϮ
ƚŽ
ϭϯ
ϵϵ
͘ϵ
Ϳ
Ϭ͘
Ϯϯ
;Ϭ
͘ϭ
ϭƚ
Ž
Ϭ͘
ϰϴ
Ϳ
ϯϴ
Ϭ͘
Ϭϵ
;Ϯ
Ϭ͘
Ϭϱ
ƚŽ
ϳϮ
Ϭϲ
͘Ϯ
ϬͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
Zŝ
ĐŚ
ƚĞ
ƌ͕
ϭϵ
ϵϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϵ
Ϯ
ϭϵ
ϭϰ
Ϭ͘
ϲϳ
;Ϭ
͘ϱ
ϰƚ
Ž
Ϭ͘
ϳϵ
Ϳ
Ϭ͘
ϴϴ
;Ϭ
͘ϲ
Ϯƚ
Ž
Ϭ͘
ϵϴ
Ϳ
ϱ͘
ϯϴ
;ϭ
͘ϰ
ϱƚ
Ž
ϭϵ
͘ϵ
ϭͿ
Ϭ͘
ϯϳ
;Ϭ
͘Ϯ
ϱƚ
Ž
Ϭ͘
ϱϳ
Ϳ
ϭϰ
͘ϯ
ϳ;
Ϯ͘
ϵϲ
ƚŽ
ϲϵ
͘ϳ
ϱͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
dŽ
Ŷŝ
ŶŽ
͕ϭ
ϵϴ
ϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϴ
Ϭ
ϮϮ
ϮϮ
Ϭ͘
Ϯϳ
;Ϭ
͘ϭ
Ϯƚ
Ž
Ϭ͘
ϰϲ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϭϮ
͘ϲ
ϭ;
Ϭ͘
ϳϳ
ƚŽ
ϮϬ
ϳ͘
ϱϲ
Ϳ
Ϭ͘
ϳϰ
;Ϭ
͘ϱ
ϵƚ
Ž
Ϭ͘
ϵϯ
Ϳ
ϭϳ
͘Ϭ
Ϭ;
Ϭ͘
ϵϯ
ƚŽ
ϯϭ
Ϯ͘
ϱϭ
Ϳ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϰϳ
ϱ
ϭϰ
Ϯϲ
Ϭ͘
ϳϳ
;Ϭ
͘ϲ
ϱƚ
Ž
Ϭ͘
ϴϳ
Ϳ
Ϭ͘
ϴϰ
;Ϭ
͘ϲ
ϲƚ
Ž
Ϭ͘
ϵϱ
Ϳ
ϰ͘
ϳϴ
;Ϯ
͘ϭ
Ϯƚ
Ž
ϭϬ
͘ϳ
ϵͿ
Ϭ͘
Ϯϳ
;Ϭ
͘ϭ
ϳƚ
Ž
Ϭ͘
ϰϰ
Ϳ
ϭϳ
͘ϰ
ϲ;
ϱ͘
ϲϱ
ƚŽ
ϱϯ
͘ϵ
ϯͿ
>Ă
ĐŚ
ŵ
ĂŶ
Ž
Ğƌ
ĞĞ
͕ϭ
ϵϵ
ϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϳ
ϭϰ
ϮϮ
ϭϯ
Ϭ
Ϭ͘
ϲϯ
;Ϭ
͘ϰ
ϵƚ
Ž
Ϭ͘
ϳϱ
Ϳ
Ϭ͘
ϵϬ
;Ϭ
͘ϴ
ϰƚ
Ž
Ϭ͘
ϵϱ
Ϳ
ϲ͘
ϰϱ
;ϯ
͘ϳ
ϴƚ
Ž
ϭϭ
͘Ϭ
ϮͿ
Ϭ͘
ϰϭ
;Ϭ
͘ϯ
Ϭƚ
Ž
Ϭ͘
ϱϴ
Ϳ
ϭϱ
͘ϲ
Ϯ;
ϳ͘
Ϯϴ
ƚŽ
ϯϯ
͘ϱ
ϬͿ
>Ă
ĐŚ
ŵ
ĂŶ
,Ă
ƌŝů
ĂŝŶ
ĞŶ
͕ϭ
ϵϴ
ϳ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϰ
ϯ
ϱ
ϯ
ϭϳ
ϳ
Ϭ͘
ϵϴ
;Ϭ
͘ϵ
ϰƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϭ͘
ϵϳ
;Ϭ
͘ϵ
ϰƚ
Ž
Ϭ͘
ϵϵ
Ϳ
ϯϱ
͘ϲ
ϱ;
ϭϱ
͘Ϭ
Ϯƚ
Ž
ϴϰ
͘ϲ
ϱͿ
Ϭ͘
ϬϮ
;Ϭ
͘Ϭ
ϭƚ
Ž
Ϭ͘
Ϭϳ
Ϳ
ϭϲ
ϴϳ
͘ϰ
;ϯ
ϵϲ
͘ϱ
Ϯƚ
Ž
ϳϭ
ϴϬ
͘ϴ
ϬͿ
>Ă
ĐŚ
ŵ
ĂŶ

>Ğ
Ğ͕
ϭϵ
ϴϴ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϭ
Ϭ
Ϯ
ϱϲ
Ϭ͘
ϵϭ
;Ϭ
͘ϳ
Ϯƚ
Ž
Ϭ͘
ϵϵ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϵ
ϰƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϭϬ
Ϯ͘
ϭϯ
;ϲ
͘ϰ
ϰƚ
Ž
ϭϲ
ϭϴ
͘ϰ
ϬͿ
Ϭ͘
ϭϭ
;Ϭ
͘Ϭ
ϯƚ
Ž
Ϭ͘
ϯϰ
Ϳ
ϵϳ
ϭ͘
ϴ;
ϰϰ
͘ϴ
ϭƚ
Ž
Ϯϭ
Ϭϳ
ϱ͘
ϲͿ
>Ă
ĐŚ
ŵ
ĂŶ
Zŝ
ĐŚ
ƚĞ
ƌ͕
ϭϵ
ϵϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϱϰ
Ϯ
ϰ
ϭϰ
Ϭ͘
ϵϯ
;Ϭ
͘ϴ
ϯƚ
Ž
Ϭ͘
ϵϴ
Ϳ
Ϭ͘
ϴϴ
;Ϭ
͘ϲ
Ϯƚ
Ž
Ϭ͘
ϵϴ
Ϳ
ϳ͘
ϰϱ
;Ϯ
͘Ϭ
ϯƚ
Ž
Ϯϳ
͘Ϯ
ϴͿ
Ϭ͘
Ϭϴ
;Ϭ
͘Ϭ
ϯƚ
Ž
Ϭ͘
Ϯϭ
Ϳ
ϵϰ
͘ϱ
;ϭ
ϱ͘
ϲϴ
ƚŽ
ϱϲ
ϵ͘
ϱϳ
Ϳ
>Ă
ĐŚ
ŵ
ĂŶ
^Đ
Śǁ
Ăƌ
ǌ͕
ϭϵ
ϵϳ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϯ
ϱ
ϰ
ϲ
Ϭ͘
ϵϮ
;Ϭ
͘ϴ
Ϭƚ
Ž
Ϭ͘
ϵϴ
Ϳ
Ϭ͘
ϱϱ
;Ϭ
͘Ϯ
ϯƚ
Ž
Ϭ͘
ϴϯ
Ϳ
Ϯ͘
Ϭϭ
;ϭ
͘Ϭ
ϱƚ
Ž
ϯ͘
ϴϳ
Ϳ
Ϭ͘
ϭϲ
;Ϭ
͘Ϭ
ϱƚ
Ž
Ϭ͘
ϰϲ
Ϳ
ϭϮ
͘ϵ
Ϭ;
ϰ͘
Ϯϲ
ƚŽ
ϯϵ
͘Ϭ
ϵͿ
>Ă
ĐŚ
ŵ
ĂŶ

dŽ
Ŷŝ
ŶŽ
͕ϭ
ϵϴ
ϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϳ
Ϭ
ϯ
ϮϮ
Ϭ͘
ϵϬ
;Ϭ
͘ϳ
ϰƚ
Ž
Ϭ͘
ϵϴ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϰϬ
͘ϴ
ϭ;
Ϯ͘
ϲϮ
ƚŽ
ϲϯ
ϰ͘
ϳϱ
Ϳ
Ϭ͘
ϭϮ
;Ϭ
͘Ϭ
ϰƚ
Ž
Ϭ͘
ϯϭ
Ϳ
ϯϱ
ϯ͘
ϱϳ
;ϭ
ϳ͘
ϯϰ
ƚŽ
ϳϮ
Ϭϵ
͘ϵ
ϬͿ
>Ă
ĐŚ
ŵ
ĂŶ

Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϲϰ
ϳ
ϭϱ
Ϯϱ
Ϭ͘
ϴϭ
;Ϭ
͘ϳ
ϭƚ
Ž
Ϭ͘
ϴϵ
Ϳ
Ϭ͘
ϳϴ
;Ϭ
͘ϲ
Ϭƚ
Ž
Ϭ͘
ϵϭ
Ϳ
ϯ͘
ϳϬ
;ϭ
͘ϵ
ϭƚ
Ž
ϳ͘
ϭϵ
Ϳ
Ϭ͘
Ϯϰ
;Ϭ
͘ϭ
ϱƚ
Ž
Ϭ͘
ϰϬ
Ϳ
ϭϱ
͘Ϯ
ϰ;
ϱ͘
ϱϱ
ƚŽ
ϰϭ
͘ϴ
ϭͿ
>Ă
ĐŚ
ŵ
ĂŶ

Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϲϭ
ϳ
ϴ
Ϯϱ
Ϭ͘
ϴϴ
;Ϭ
͘ϳ
ϴƚ
Ž
Ϭ͘
ϵϱ
Ϳ
Ϭ͘
ϳϴ
;Ϭ
͘ϲ
Ϭƚ
Ž
Ϭ͘
ϵϭ
Ϳ
ϰ͘
Ϭϰ
;Ϯ
͘Ϭ
ϵƚ
Ž
ϳ͘
ϴϮ
Ϳ
Ϭ͘
ϭϱ
;Ϭ
͘Ϭ
ϴƚ
Ž
Ϭ͘
Ϯϵ
Ϳ
Ϯϳ
͘Ϯ
ϯ;
ϴ͘
ϵϮ
ƚŽ
ϴϯ
͘ϭ
ϰͿ
>Ă
ĐŚ
ŵ
ĂŶ

t
ŽŶ
Ő͕
ϭϵ
ϵϵ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϯϮ
ϱ
ϭϵ
ϯϱ
Ϭ͘
ϲϯ
;Ϭ
͘ϰ
ϴƚ
Ž
Ϭ͘
ϳϲ
Ϳ
Ϭ͘
ϴϴ
;Ϭ
͘ϳ
ϯƚ
Ž
Ϭ͘
ϵϲ
Ϳ
ϱ͘
ϬϮ
;Ϯ
͘ϭ
ϱƚ
Ž
ϭϭ
͘ϳ
ϭͿ
Ϭ͘
ϰϯ
;Ϭ
͘Ϯ
ϵƚ
Ž
Ϭ͘
ϲϮ
Ϳ
ϭϭ
͘ϳ
ϵ;
ϯ͘
ϵϰ
ƚŽ
ϯϱ
͘Ϯ
ϲͿ
Wƌ
ŽŶ
Ğ>
ĂĐ
Śŵ
ĂŶ
D
Ƶů
ůŝŐ
ĂŶ
͕Ϯ
Ϭϭ
ϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϳ
ϭ
ϯ
ϰ
Ϭ͘
ϳϬ
;Ϭ
͘ϯ
ϱƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϴϬ
;Ϭ
͘Ϯ
ϴƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϯ͘
ϱϬ
;Ϭ
͘ϱ
ϴƚ
Ž
Ϯϭ
͘ϭ
ϲͿ
Ϭ͘
ϯϴ
;Ϭ
͘ϭ
ϯƚ
Ž
ϭ͘
Ϭϲ
Ϳ
ϵ͘
ϯϯ
;Ϭ
͘ϳ
ϭƚ
Ž
ϭϮ
Ϯ͘
ϱϳ
Ϳ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ

Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϯϭ
ϯ
Ϯϭ
ϭϵ
Ϭ͘
ϲϬ
;Ϭ
͘ϰ
ϱƚ
Ž
Ϭ͘
ϳϯ
Ϳ
Ϭ͘
ϴϲ
;Ϭ
͘ϲ
ϱƚ
Ž
Ϭ͘
ϵϳ
Ϳ
ϰ͘
ϯϳ
;ϭ
͘ϰ
ϵƚ
Ž
ϭϮ
͘ϴ
ϭͿ
Ϭ͘
ϰϳ
;Ϭ
͘ϯ
Ϯƚ
Ž
Ϭ͘
ϲϴ
Ϳ
ϵ͘
ϯϱ
;Ϯ
͘ϰ
ϱƚ
Ž
ϯϱ
͘ϲ
ϮͿ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ
Ž
Ğƌ
ĞĞ
͕ϭ
ϵϵ
ϭ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϴ
ϱ
ϰϭ
ϭϯ
ϵ
Ϭ͘
ϯϭ
;Ϭ
͘ϭ
ϵƚ
Ž
Ϭ͘
ϰϰ
Ϳ
Ϭ͘
ϵϳ
;Ϭ
͘ϵ
Ϯƚ
Ž
Ϭ͘
ϵϵ
Ϳ
ϴ͘
ϳϵ
;ϯ
͘ϰ
Ϯƚ
Ž
ϮϮ
͘ϱ
ϳͿ
Ϭ͘
ϳϮ
;Ϭ
͘ϲ
ϭƚ
Ž
Ϭ͘
ϴϲ
Ϳ
ϭϮ
͘Ϯ
ϭ;
ϰ͘
Ϯϳ
ƚŽ
ϯϰ
͘ϴ
ϵͿ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ

Zŝ
ĐŚ
ƚĞ
ƌ͕
ϭϵ
ϵϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϴ
Ϭ
ϯϬ
ϭϲ
Ϭ͘
ϰϴ
;Ϭ
͘ϯ
ϱƚ
Ž
Ϭ͘
ϲϮ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϳ
ϵƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϭϲ
͘ϰ
Ϯ;
ϭ͘
Ϭϲ
ƚŽ
Ϯϱ
ϱ͘
Ϯϰ
Ϳ
Ϭ͘
ϱϯ
;Ϭ
͘ϰ
ϭƚ
Ž
Ϭ͘
ϲϵ
Ϳ
ϯϬ
͘ϴ
ϰ;
ϭ͘
ϳϳ
ƚŽ
ϱϯ
ϴ͘
ϭϲ
Ϳ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ

dŽ
Ŷŝ
ŶŽ
͕ϭ
ϵϴ
ϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϱ
Ϭ
Ϯϱ
ϮϮ
Ϭ͘
ϭϳ
;Ϭ
͘Ϭ
ϲƚ
Ž
Ϭ͘
ϯϱ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϴ͘
ϭϲ
;Ϭ
͘ϰ
ϴƚ
Ž
ϭϰ
Ϭ͘
ϯϬ
Ϳ
Ϭ͘
ϴϰ
;Ϭ
͘ϳ
ϭƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϵ͘
ϳϭ
;Ϭ
͘ϱ
ϭƚ
Ž
ϭϴ
ϱ͘
ϰϱ
Ϳ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ

EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϲ
ϭ
ϰϱ
Ϯϯ
Ϭ͘
Ϯϲ
;Ϭ
͘ϭ
ϲƚ
Ž
Ϭ͘
ϯϵ
Ϳ
Ϭ͘
ϵϲ
;Ϭ
͘ϳ
ϵƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϲ͘
ϯϬ
;Ϭ
͘ϴ
ϴƚ
Ž
ϰϰ
͘ϴ
ϴͿ
Ϭ͘
ϳϳ
;Ϭ
͘ϲ
ϱƚ
Ž
Ϭ͘
ϵϭ
Ϳ
ϴ͘
ϭϴ
;ϭ
͘Ϭ
Ϯƚ
Ž
ϲϱ
͘ϱ
ϴͿ
,ŝ
ƐƚŽ
ƌǇ
͗W
ƌŝŵ
Ăƌ
Ǉ
Ăƌ
Ğ
,ŝ
ƐƚŽ
ƌǇ
͗^
ĞĐ
ŽŶ
ĚĂ
ƌǇ

ŽŶ
ƚĂ
Đƚ
WŚ
ǇƐ
ŝĐĂ
ůd
ĞƐ
ƚ͗
Wƌ
ŝŵ
Ăƌ
Ǉ
Ăƌ
Ğ
WŚ
ǇƐ
ŝĐĂ
ůd
ĞƐ
ƚ͗
^Ğ
ĐŽ
ŶĚ
Ăƌ
Ǉ
ŽŶ
ƚĂ
Đƚ
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Wŝǀ
Žƚ
ƐŚ
ŝĨƚ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϰ
ϭ
Ϯϯ
Ϯϯ
Ϭ͘
ϯϴ
;Ϭ
͘Ϯ
ϯƚ
Ž
Ϭ͘
ϱϱ
Ϳ
Ϭ͘
ϵϲ
;Ϭ
͘ϳ
ϵƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϵ͘
Ϭϴ
;ϭ
͘Ϯ
ϴƚ
Ž
ϲϰ
͘ϲ
ϰͿ
Ϭ͘
ϲϱ
;Ϭ
͘ϱ
Ϭƚ
Ž
Ϭ͘
ϴϱ
Ϳ
ϭϰ
͘Ϭ
Ϭ;
ϭ͘
ϳϬ
ƚŽ
ϭϭ
ϱ͘
ϰϮ
Ϳ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ
Ğ
ůĚ
Ăŵ
Ğ͕
ϮϬ
ϭϭ
Ž
ŵ
Ɖů
Ğƚ
Ğ
Ϯϵ
ϯ
ϭϰ
ϭϵ
Ϭ͘
ϲϳ
;Ϭ
͘ϱ
Ϯƚ
Ž
Ϭ͘
ϴϭ
Ϳ
Ϭ͘
ϴϲ
;Ϭ
͘ϲ
ϱƚ
Ž
Ϭ͘
ϵϳ
Ϳ
ϰ͘
ϵϱ
;ϭ
͘ϲ
ϵƚ
Ž
ϭϰ
͘ϰ
ϱͿ
Ϭ͘
ϯϴ
;Ϭ
͘Ϯ
ϰƚ
Ž
Ϭ͘
ϲϬ
Ϳ
ϭϯ
͘ϭ
Ϯ;
ϯ͘
ϯϮ
ƚŽ
ϱϭ
͘ϴ
ϳͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
<Ă
ƚǌ͕
ϭϵ
ϴϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϵ
ϯ
ϭϯ
ϲϬ
Ϭ͘
ϰϭ
;Ϭ
͘Ϯ
ϭƚ
Ž
Ϭ͘
ϲϰ
Ϳ
Ϭ͘
ϵϱ
;Ϭ
͘ϴ
ϳƚ
Ž
Ϭ͘
ϵϵ
Ϳ
ϴ͘
ϱϵ
;Ϯ
͘ϱ
ϱƚ
Ž
Ϯϴ
͘ϵ
ϬͿ
Ϭ͘
ϲϮ
;Ϭ
͘ϰ
ϰƚ
Ž
Ϭ͘
ϴϴ
Ϳ
ϭϯ
͘ϴ
ϱ;
ϯ͘
Ϯϵ
ƚŽ
ϱϴ
͘ϯ
ϬͿ
Ŷ
ƚĞ
ƌŝŽ
ƌĚ
ƌĂ
ǁ
dŽ
Ŷŝ
ŶŽ
͕ϭ
ϵϴ
ϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϳ
Ϭ
ϭϯ
ϮϮ
Ϭ͘
ϱϳ
;Ϭ
͘ϯ
ϳƚ
Ž
Ϭ͘
ϳϱ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϯϱ
͘ϵ
ϳ;
ϭ͘
ϲϱ
ƚŽ
ϰϬ
ϵ͘
ϴϰ
Ϳ
Ϭ͘
ϰϱ
;Ϭ
͘ϯ
Ϭƚ
Ž
Ϭ͘
ϲϳ
Ϳ
ϱϴ
͘ϯ
ϯ;
ϯ͘
Ϯϰ
ƚŽ
ϭϬ
ϱϬ
͘ϲ
ϬͿ
>Ă
ĐŚ
ŵ
ĂŶ

<Ă
ƚǌ͕
ϭϵ
ϴϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϴ
Ϯ
ϰ
ϲϭ
Ϭ͘
ϴϮ
;Ϭ
͘ϲ
Ϭƚ
Ž
Ϭ͘
ϵϱ
Ϳ
Ϭ͘
ϵϳ
;Ϭ
͘ϴ
ϵƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϯϱ
͘ϳ
ϳ;
ϲ͘
ϱϬ
ƚŽ
ϭϬ
Ϯ͘
Ϯϯ
Ϳ
Ϭ͘
ϭϵ
;Ϭ
͘Ϭ
ϴƚ
Ž
Ϭ͘
ϰϲ
Ϳ
ϭϯ
ϳ͘
Ϯϱ
;Ϯ
ϯ͘
ϮϮ
ƚŽ
ϴϭ
ϭ͘
ϯϴ
Ϳ
>Ă
ĐŚ
ŵ
ĂŶ
dŽ
Ŷŝ
ŶŽ
͕ϭ
ϵϴ
ϲ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϴ
Ϭ
Ϯ
ϮϮ
Ϭ͘
ϵϯ
;Ϭ
͘ϳ
ϴƚ
Ž
Ϭ͘
ϵϵ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϰϮ
͘Ϯ
ϵ;
Ϯ͘
ϳϮ
ƚŽ
ϲϱ
ϳ͘
Ϯϱ
Ϳ
Ϭ͘
Ϭϴ
;Ϭ
͘Ϭ
ϯƚ
Ž
Ϭ͘
Ϯϳ
Ϳ
ϱϭ
ϯ;
Ϯϯ
͘ϰ
ϯƚ
Ž
ϭϭ
Ϯϯ
Ϯ͘
ϯͿ
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ĐŚ
ŵ
ĂŶ
Ğ
ĐŬ
Ğƌ
͕ϭ
ϵϴ
ϴ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϲϬ
ϱ
ϲ
ϭϰ
Ϭ͘
ϵϭ
;Ϭ
͘ϴ
ϭƚ
Ž
Ϭ͘
ϵϳ
Ϳ
Ϭ͘
ϳϰ
;Ϭ
͘ϰ
ϵƚ
Ž
Ϭ͘
ϵϭ
Ϳ
ϯ͘
ϰϲ
;ϭ
͘ϲ
Ϯƚ
Ž
ϳ͘
ϯϲ
Ϳ
Ϭ͘
ϭϮ
;Ϭ
͘ϱ
ϱƚ
Ž
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Ϯϴ
Ϳ
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͘Ϭ
Ϭ;
ϳ͘
ϰϳ
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ϭϬ
ϱ͘
ϬϬ
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ŵ
ĂŶ
t
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Ő͕
ϭϵ
ϵϵ
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ŵ
Ɖů
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Ğ
ϰϱ
ϰ
ϲ
ϯϲ
Ϭ͘
ϴϴ
;Ϭ
͘ϳ
ϲƚ
Ž
Ϭ͘
ϵϲ
Ϳ
Ϭ͘
ϵϬ
;Ϭ
͘ϳ
ϲƚ
Ž
Ϭ͘
ϵϳ
Ϳ
ϴ͘
ϴϮ
;ϯ
͘ϰ
ϲƚ
Ž
ϮϮ
͘ϰ
ϴͿ
Ϭ͘
ϭϯ
;Ϭ
͘Ϭ
ϲƚ
Ž
Ϭ͘
Ϯϴ
Ϳ
ϲϳ
͘ϱ
;ϭ
ϳ͘
ϲϵ
ƚŽ
Ϯϱ
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ϱϭ
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Žƚ
ƐŚ
ŝĨƚ

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ƚǌ͕
ϭϵ
ϴϲ
WĂ
ƌƚŝ
Ăů
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Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϴ
ϭ
ϰ
ϲϮ
Ϭ͘
ϴϮ
;Ϭ
͘ϲ
Ϭƚ
Ž
Ϭ͘
ϵϱ
Ϳ
Ϭ͘
ϵϴ
;Ϭ
͘ϵ
Ϯƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϱϭ
͘ϱ
ϱ;
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ϯϬ
ƚŽ
ϯϲ
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ϴϲ
Ϳ
Ϭ͘
ϭϵ
;Ϭ
͘Ϭ
ϴƚ
Ž
Ϭ͘
ϰϱ
Ϳ
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͘ϯ
ϭƚ
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Ϯϲ
ϱϱ
͘ϳ
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Žƚ
ƐŚ
ŝĨƚ
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ĐŝĞ
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ϰ
WĂ
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Ăů
ĂŶ
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ĐŽ
ŵ
Ɖů
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Ϭ
ϳ
ϱ
Ϭ͘
ϴϰ
;Ϭ
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ϭƚ
Ž
Ϭ͘
ϵϰ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϰ
ϴƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϭϬ
͘Ϭ
ϰ;
Ϭ͘
ϳϭ
ƚŽ
ϭϰ
ϯ͘
ϭϰ
Ϳ
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ϭϴ
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͘Ϭ
ϵƚ
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ϯϲ
Ϳ
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͘ϰ
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ϴϭ
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ϭϭ
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͘ϵ
ϬͿ
Wŝǀ
Žƚ
ƐŚ
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dŽ
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ŶŽ
͕ϭ
ϵϴ
ϲ
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Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϱ
Ϭ
ϭϱ
ϮϮ
Ϭ͘
ϱϬ
;Ϭ
͘ϯ
ϭƚ
Ž
Ϭ͘
ϲϵ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
ϱƚ
Ž
ϭ͘
ϬϬ
Ϳ
Ϯϯ
͘Ϭ
Ϭ;
ϭ͘
ϰϱ
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ϯϲ
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ϴϲ
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ϱϭ
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͘ϯ
ϲƚ
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Ϳ
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͘Ϭ
Ϭ;
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ϴϬ
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Žƚ
ƐŚ
ŝĨƚ

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Ğƌ
͕ϭ
ϵϴ
ϴ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϱϳ
Ϭ
ϵ
ϭϵ
Ϭ͘
ϴϲ
;Ϭ
͘ϳ
ϲƚ
Ž
Ϭ͘
ϵϰ
Ϳ
ϭ͘
ϬϬ
;Ϭ
͘ϴ
Ϯƚ
Ž
Ϭ͘
ϵϲ
Ϳ
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͘ϯ
ϯ;
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Ϭ͘
ϵϰ
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;Ϭ
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Ϳ
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ϭϮ
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ŵ
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Ğ
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Ϭ
ϵ
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ϵƚ
Ž
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ϵϮ
Ϳ
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ϬϬ
;Ϭ
͘ϵ
ϭƚ
Ž
ϭ͘
ϬϬ
Ϳ
ϲϳ
͘Ϭ
Ϯ;
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Ϯϱ
ƚŽ
ϭϬ
ϱϲ
͘ϲ
ϬͿ
Ϭ͘
ϭϵ
;Ϭ
͘ϭ
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Ž
Ϭ͘
ϯϯ
Ϳ
ϯϲ
Ϯ͘
ϯϳ
;Ϯ
Ϭ͘
ϰϮ
ƚŽ
ϲϰ
ϯϬ
͘ϵ
ϬͿ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ

EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ
WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϰϳ
ϯ
ϭϯ
Ϯϭ
Ϭ͘
ϳϴ
;Ϭ
͘ϲ
ϲƚ
Ž
Ϭ͘
ϴϴ
Ϳ
Ϭ͘
ϴϴ
;Ϭ
͘ϲ
ϴƚ
Ž
Ϭ͘
ϵϳ
Ϳ
ϲ͘
Ϯϳ
;Ϯ
͘ϭ
ϲƚ
Ž
ϭϴ
͘Ϯ
ϭͿ
Ϭ͘
Ϯϱ
;Ϭ
͘ϭ
ϱƚ
Ž
Ϭ͘
ϰϭ
Ϳ
Ϯϱ
͘ϯ
ϭ;
ϲ͘
ϱϮ
ƚŽ
ϵϴ
͘Ϯ
ϴͿ
Wŝǀ
Žƚ
ƐŚ
ŝĨƚ
EŽ
ǇĞ
Ɛ͕
ϭϵ
ϴϬ
Ž
ŵ
Ɖů
Ğƚ
Ğ
ϯϮ
ϯ
ϰ
Ϯϭ
Ϭ͘
ϴϵ
;Ϭ
͘ϳ
ϰƚ
Ž
Ϭ͘
ϵϳ
Ϳ
Ϭ͘
ϴϴ
;Ϭ
͘ϲ
ϴƚ
Ž
Ϭ͘
ϵϳ
Ϳ
ϳ͘
ϭϭ
;Ϯ
͘ϰ
ϱƚ
Ž
ϮϬ
͘ϲ
ϮͿ
Ϭ͘
ϭϯ
;Ϭ
͘Ϭ
ϱƚ
Ž
Ϭ͘
ϯϮ
Ϳ
ϱϲ
͘Ϭ
Ϭ;
ϭϭ
͘ϯ
ϲƚ
Ž
Ϯϳ
ϱ͘
ϵϳ
Ϳ
ϭ,
ŝƐƚ
Žƌ
Ǉ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
Ϯϲ
ϲϳ
Ϯ
ϯϱ
Ϭ͘
ϵϯ
;Ϭ
͘ϳ
ϳƚ
Ž
Ϭ͘
ϵϵ
Ϳ
Ϭ͘
ϯϰ
;Ϭ
͘Ϯ
ϱƚ
Ž
Ϭ͘
ϰϰ
Ϳ
ϭ͘
ϰϭ
;ϭ
͘ϭ
ϵƚ
Ž
ϭ͘
ϲϴ
Ϳ
Ϭ͘
Ϯϭ
;Ϭ
͘Ϭ
ϱƚ
Ž
Ϭ͘
ϴϭ
Ϳ
ϲ͘
ϳϵ
;ϭ
͘ϱ
Ϯƚ
Ž
ϯϬ
͘Ϯ
ϵͿ
ϭ,
ŝƐƚ
Žƌ
Ǉ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϱ
ϳϴ
Ϯ
ϯϱ
Ϭ͘
ϴϴ
;Ϭ
͘ϲ
ϰƚ
Ž
Ϭ͘
ϵϵ
Ϳ
Ϭ͘ϯ
ϭ;
Ϭ͘
Ϯϯ
ƚŽ
Ϭ͘
ϰϬ
Ϳ
ϭ͘
Ϯϴ
;ϭ
͘Ϭ
ϯƚ
Ž
ϭ͘
ϱϴ
Ϳ
Ϭ͘
ϯϴ
;Ϭ
͘ϭ
Ϭƚ
Ž
ϭ͘
ϰϰ
Ϳ
ϯ͘
ϯϲ
;Ϭ
͘ϳ
ϯƚ
Ž
ϭϱ
͘ϱ
ϮͿ
ϭ,
ŝƐƚ
Žƌ
Ǉн

Ŷƚ
Ğƌ
ŝŽ
ƌĚ
ƌĂ
ǁ

t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϵ
Ϯϴ
ϱ
ϳϮ
Ϭ͘
ϳϵ
;Ϭ
͘ϱ
ϴƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϳϮ
;Ϭ
͘ϲ
Ϯƚ
Ž
Ϭ͘
ϴϭ
Ϳ
Ϯ͘
ϴϯ
;ϭ
͘ϵ
ϰƚ
Ž
ϰ͘
ϭϮ
Ϳ
Ϭ͘
Ϯϵ
;Ϭ
͘ϭ
ϯƚ
Ž
Ϭ͘
ϲϰ
Ϳ
ϵ͘
ϳϳ
;ϯ
͘ϯ
ϯƚ
Ž
Ϯϴ
͘ϳ
ϬͿ
ϭ,
ŝƐƚ
Žƌ
Ǉн

Ŷƚ
Ğƌ
ŝŽ
ƌĚ
ƌĂ
ǁ

t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϯ
ϯϰ
ϯ
ϳϰ
Ϭ͘ϴ
ϭ;
Ϭ͘
ϱϰ
ƚŽ
Ϭ͘
ϵϲ
Ϳ
Ϭ͘
ϲϵ
;Ϭ
͘ϱ
ϵƚ
Ž
Ϭ͘
ϳϳ
Ϳ
Ϯ͘
ϱϴ
;ϭ
͘ϳ
ϵƚ
Ž
ϯ͘
ϳϮ
Ϳ
Ϭ͘
Ϯϳ
;Ϭ
͘ϭ
Ϭƚ
Ž
Ϭ͘
ϳϳ
Ϳ
ϵ͘
ϰϯ
;Ϯ
͘ϱ
Ϯƚ
Ž
ϯϱ
͘Ϯ
ϵͿ
ϭ,
ŝƐƚ
Žƌ
Ǉн
>Ă
ĐŚ
ŵ
ĂŶ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϮϬ
ϰϯ
ϱ
ϱϴ
Ϭ͘
ϴϬ
;Ϭ
͘ϱ
ϵƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϱϳ
;Ϭ
͘ϰ
ϳƚ
Ž
Ϭ͘
ϲϳ
Ϳ
ϭ͘
ϴϴ
;ϭ
͘ϯ
ϵƚ
Ž
Ϯ͘
ϱϰ
Ϳ
Ϭ͘
ϯϱ
;Ϭ
͘ϭ
ϲƚ
Ž
Ϭ͘
ϳϴ
Ϳ
ϱ͘
ϰϬ
;ϭ
͘ϴ
ϴƚ
Ž
ϭϱ
͘ϱ
ϮͿ
ϭ,
ŝƐƚ
Žƌ
Ǉн
>Ă
ĐŚ
ŵ
ĂŶ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

Ž
ŵ
Ɖů
Ğƚ
Ğ
ϭϯ
ϱϬ
ϰ
ϱϵ
Ϭ͘
ϳϲ
;Ϭ
͘ϱ
Ϭƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘
ϱϰ
;Ϭ
͘ϰ
ϰƚ
Ž
Ϭ͘
ϲϰ
Ϳ
ϭ͘
ϲϳ
;ϭ
͘ϭ
ϵƚ
Ž
Ϯ͘
ϯϯ
Ϳ
Ϭ͘
ϰϰ
;Ϭ
͘ϭ
ϴƚ
Ž
ϭ͘
Ϭϰ
Ϳ
ϯ͘
ϴϰ
;ϭ
͘ϭ
ϴƚ
Ž
ϭϮ
͘ϱ
ϭͿ
Ϯ,
ŝƐƚ
Žƌ
Ǉ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

WĂ
ƌƚŝ
Ăů
ĂŶ
Ě
ĐŽ
ŵ
Ɖů
Ğƚ
Ğ
ϭϲ
Ϯϱ
ϭϮ
ϳϲ
Ϭ͘
ϱϳ
;Ϭ
͘ϯ
ϳƚ
Ž
Ϭ͘
ϳϲ
Ϳ
Ϭ͘
ϳϱ
;Ϭ
͘ϲ
ϲƚ
Ž
Ϭ͘
ϴϯ
Ϳ
Ϯ͘
ϯϭ
;ϭ
͘ϰ
ϱƚ
Ž
ϯ͘
ϲϴ
Ϳ
Ϭ͘
ϱϳ
;Ϭ
͘ϯ
ϳƚ
Ž
Ϭ͘
ϴϵ
Ϳ
ϰ͘
Ϭϱ
;ϭ
͘ϲ
ϵƚ
Ž
ϵ͘
ϳϮ
Ϳ
Ϯ,
ŝƐƚ
Žƌ
Ǉ
t
ĂŐ
Ğŵ
ĂŬ
Ğƌ
Ɛ͕
ϮϬ
ϭϬ

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ŵ
Ɖů
Ğƚ
Ğ
ϭϯ
Ϯϴ
ϰ
ϴϰ
Ϭ͘
ϳϳ
;Ϭ
͘ϱ
Ϭƚ
Ž
Ϭ͘
ϵϯ
Ϳ
Ϭ͘ϳ
ϱ;
Ϭ͘
ϲϲ
ƚŽ
Ϭ͘
ϴϯ
Ϳ
ϯ͘
Ϭϲ
;Ϯ
͘Ϭ
Ϯƚ
Ž
ϰ͘
ϲϯ
Ϳ
Ϭ͘
ϯϭ
;Ϭ
͘ϭ
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Ž
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ϳϰ
Ϳ
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ϳϱ
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͘ϵ
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ŝƐƚ
Žƌ
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ŝŽ
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ƌĂ
ǁ
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ĂŬ
Ğƌ
Ɛ͕
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ϭϬ
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ĐŽ
ŵ
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Ğƚ
Ğ
ϭϮ
ϵ
ϭϲ
ϵϮ
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ϰϯ
;Ϭ
͘Ϯ
ϱƚ
Ž
Ϭ͘
ϲϯ
Ϳ
Ϭ͘
ϵϭ
;Ϭ
͘ϴ
ϰƚ
Ž
Ϭ͘
ϵϲ
Ϳ
ϰ͘
ϴϭ
;Ϯ
͘Ϯ
ϲƚ
Ž
ϭϬ
͘Ϯ
ϰͿ
Ϭ͘
ϲϯ
;Ϭ
͘ϰ
ϱƚ
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Ϭ͘
ϴϳ
Ϳ
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ϲϳ
;Ϯ
͘ϳ
ϴƚ
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ŝƐƚ
Žƌ
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
Ŷƚ
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ŝŽ
ƌĚ
ƌĂ
ǁ
t
ĂŐ
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Ğƌ
Ɛ͕
ϮϬ
ϭϬ

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ŵ
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ϭϭ
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ϲ
ϭϬ
Ϯ
Ϭ͘ϲ
ϱ;
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ϯϴ
ƚŽ
Ϭ͘
ϴϲ
Ϳ
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ϵϭ
;Ϭ
͘ϴ
ϰƚ
Ž
Ϭ͘
ϵϲ
Ϳ
ϳ͘
Ϯϱ
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Ž
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Ϭ;
ϱ͘
ϳƚ
Ž
ϲϭ
͘ϯ
ϰͿ
Ϯ,
ŝƐƚ
Žƌ
Ǉн
>Ă
ĐŚ
ŵ
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Ɛ͕
ϮϬ
ϭϬ
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ĐŽ
ŵ
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ϵ
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ϴϭ
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ϴϯ
;Ϭ
͘ϳ
ϰƚ
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Ϭ͘
ϵϬ
Ϳ
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;Ϯ
͘ϭ
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ϰϲ
Ϳ
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ϰϱ
;Ϭ
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ϭ
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ϵ
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Ϳ
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ϴ;
Ϭ͘
ϵϰ
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ϭ͘
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Ϳ
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ϳϵ
;ϭ
͘ϳ
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 Appendix 6 
Figure S1. Diagnostic accuracy of index test EUA in the diagnosis of partial and complete ACL 
injury 
 
Legend: EUA: Examination Under Anaesthesia. Risk of bias judgements: (-) = high risk; (?) = unclear 
risk; (+) = low risk. LR thresholds: +LR <5 and -LR >0.2 = small; +LR 5–10 and; -LR 0.1–0.2 = 
moderate and +LR >10 and -LR <1 = large. Studies that reported estimates for complete ACL injury 
as well as partial and complete ACL injury estimates have been plotted together to provide a 
comparison of test performance. Different symbols are used for the estimates for complete versus 
partial and complete ACL injury and for primary care versus secondary contact settings. Guide for 
interpretation: Greater distance between the –LR and +LR symbols for the test indicates better 
diagnostic performance.  
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Chapter Seven 
Conclusions 
 
“Human progress is neither automatic nor inevitable. Every step toward the goals 
requires sacrifice, suffering, and struggle; the tireless exertions and passionate 
concern of dedicated individuals.”  
- Martin Luther King 
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 7.1 Overview of main findings 
This thesis provides original contributions to the epidemiology of pain and injury in 
adolescents and young adults. The work contains important advances to the field, 
specifically: precise estimates of the prevalence of back pain (and headache and 
stomach ache) in adolescents across 28 countries in Europe and North America 
(Chapter 2); estimates of the association and potential impact of back pain (and 
headache and stomach ache) on adolescents reaching recommended physical 
activity levels (Chapter 3); a synthesis of evidence regarding whether pubertal 
development is an aetiological factor for musculoskeletal (MSK) disorders (Chapter 
4); the feasibility of conducting a longitudinal cohort study to investigate MSK pain in 
Australian adolescents, with insights to the clinical course of knee pain (Chapter 5), 
and; the diagnostic accuracy of clinical tests for anterior cruciate ligament (ACL) 
injuries, a common and impactful knee disorder in adolescents and young adults 
(Chapter 6).1 
 
The first aim of the thesis was to investigate the frequency and co-occurrence of 
common pain types (back pain, headache and stomach ache) in adolescents. Data 
from a large multinational study2 showed approximately one in three adolescents 
experience back pain (37%), and one in two headache (54.1%), or stomach ache 
(49.8%) monthly or more often. Coexistence of back pain with other pains is more 
common than in isolation. Collectively, three-quarters (74.4%) of adolescents 
experienced one of the three pain types at least once per month in the last 6-months. 
Back pain, headache, and stomach ache were more commonly experienced among 
girls than boys, and among older adolescents.   
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 The second aim was to investigate whether pain was associated with adolescents 
not reaching the recommended level of moderate-to-vigorous physical activity 
(MVPA). Data from over 200,000 adolescents in 28 countries2 showed that only 
18.7% of young people met MVPA recommendations. In no country was it common 
for adolescents to meet MVPA guidelines (range: 12.8% to 41.7%). Girls and older 
adolescents less frequently met MVPA recommendations. Adolescents who 
experienced pain were generally less likely to meet The World Health Organisation’s 
(WHO) targets for MVPA.3 The magnitude of this relationship was small (odds ratios 
ranged from 0.7 to 0.9) and varied by sex, age and the pain type. The unadjusted 
risk differences for adolescents with pain not meeting MVPA guidelines were up to 
4.6% for boys and 4.3% for girls, compared to those without pain. 
 
The third aim was to evaluate if there is an aetiological association between growth, 
maturation and MSK disorders in adolescents. The systematic review in Chapter 4 
included 56 studies that evaluated the link between adolescent growth/maturity and 
MSK disorders (pain, injury, and fracture). Included studies reported 208 
associations (101 associations for MSK pain, 32 for head/chest pain, 50 for sports 
and dance injury, 2 for stress fracture and 23 for fracture). Ninety-nine (48%) 
associations were cross-sectional or retrospective and cannot inform causal 
mechanisms. In general, the available evidence does not support an aetiological 
association between pubertal development and MSK disorders. The relationship 
between growth and maturation, and back pain was unclear despite a weak 
association between advanced maturation status and more frequent back pain (OR 
range 1.1 to 1.9). Much uncertainty remains; available evidence reports inconsistent 
associations, is methodologically heterogeneous, and is at high risk of bias. 
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The fourth aim was to investigate the feasibility of conducting a prospective clinical 
course study of knee pain in adolescents using electronic data collection. The study 
revealed major potential threats to feasibility, namely; slow recruitment in private 
clinics (1.2 patients per month across 8 clinics), high non-response to short message 
service (response rate: 71.3%) and considerable loss to follow-up at 6-months (20%, 
6/30 participants). When adolescents with MSK pain were recruited in Australian 
primary-care (private physiotherapy clinics), electronic follow-up measures alone 
seemed insufficient to track (weekly) the clinical course of pain over a 6-month 
period. Although the purpose of the study was to estimate feasibility and caution is 
needed when interpreting clinical outcome data, only 50% of respondents reported 
no pain (0/10 numeric rating scale) at 8-weeks follow-up.  
 
The final aim was to investigate the accuracy of clinical tests for the diagnosis of 
ACL injury, a common and impactful knee condition that peaks in adolescence and 
young adulthood.1 The prevalence of ACL injury presenting for care in the 14 
included studies ranged from 20.9% to 81.0%. Clinical tests included; history 
questions (popping sound at time of injury, giving way, effusion, pain, ability to 
continue activity), physical tests (anterior draw, Lachman’s, prone Lachman’s, pivot 
shift) and combinations thereof. Clinical history items used in isolation had low value 
in diagnosing ACL injury (positive likelihood ratio (+LR) range 0.9 to 2.5, negative 
likelihood ratio (−LR) range 0.2 to 1.2). Accuracy of physical examination tests 
varied, e.g. estimates for Lachman’s test ranged from +LR 1.4 to 102.1, −LR 0.02 to 
0.5. Clinical tests with moderate or large likelihood ratios (moderate to high 
accuracy) tended to lack precision. For example, 3 positive history items in 
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 combination with a positive anterior draw test resulted in a large +LR of 35.6, but a 
wide confidence interval; 2.0 to 640.4. Only one study was conducted in primary 
care,4 and this was the only study at low risk of bias. All other studies were 
conducted in secondary contact settings and had moderate to high risk of bias. 
Available high-quality evidence showed that clinical tests in combination, but not 
individually, may assist in the accurate diagnosis of ACL injury.  
 
7.2 Implications and future research directions 
The findings of this thesis have implications for epidemiological pain research, public 
health policy, and clinical practice.  
 
Firstly, the extent of pain experienced by adolescents represents a potentially 
substantial public health problem. Chapter 2 dispels the myth that pain in school-
aged children is rare,5 and draws much needed attention to the global problem of 
pain in adolescents. Pain should not only be considered an issue of middle or older 
age. The fact that girls and older adolescents experience pain most often aids 
targeting of public health strategies. Prevention efforts and resources need to be 
prioritised to address the adolescent age-frame, for example, school-based 
campaigns that focus on primary or secondary prevention. Given the high 
prevalence of back pain in adolescents there is a need to update clinical practice 
guidelines to include evidence-based management advice for younger patients. 
Current back pain guidelines target adults and are mostly silent on the management 
of adolescents.6 Previous guidelines have considered younger age (e.g. onset <20 
years) as a sign of potentially serious disease,7-9 but this feature would yield 
substantial false positives.   
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Given the paucity of pain research in young people compared to adults,10 greater 
efforts need to be directed at the study of pain in children and adolescents. There is 
need for emphasis on identifying episodes of pain in adolescents that have important 
consequences for the child, for example, impact on participation and quality of life. 
Given the large multinational design of the study in Chapter 2, pain measures were 
limited to brief single items that provide limited information on severity and impact of 
the pain. Future research requires more sophisticated measures that better capture 
the physical and mental health domains affected by pain. Chapter 2 highlights the 
tendency for pain conditions to coexist in adolescents, which indicates the need for 
research to better understand the severity, mechanisms and risk factors of coexisting 
pains in adolescence. Similarly, differences in pain prevalence by sex and age were 
identified, but mechanisms to explain these differences are not well understood. 
 
Chapter 3 was the first large study to find that pain is associated with lower odds of 
adolescents meeting minimum MVPA recommendations, suggesting pain is 
potentially a barrier to achievement of physical activity guidelines. Pain may play a 
role in the burden of adolescent physical inactivity. This notion has potential to direct 
interventions that target adolescent pain with the aim of improving physical activity 
levels. However, this conclusion needs to be balanced against the strength of 
association found in Chapter 3. With the presence of pain in adolescents contributing 
an absolute risk of <5%, differences in MVPA between adolescents with and without 
pain were small. Caution in advocating public health strategies that target adolescent 
pain to improve physical activity levels is necessary at this point.  
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 Clinicians should be aware of the potential impact pain can have on the physical 
activity levels of some adolescents seeking care. The WHO physical activity 
guideline3 provides a simple framework to assess adolescent physical activity levels, 
as well as establish functional goals. Given the potential health implications of 
physical inactivity in adolescence and across the lifespan, clinicians should prioritise 
strategies to improve physical activity in adolescents they treat who are affected by 
pain. 
 
The relationship between adolescent pain and physical activity is still not well 
understood. Typically, large studies like Chapter 3 report correlations rather than 
establish causal effects. Longitudinal studies are needed to investigate the effects of 
pain, including the impact on physical activity. Unlike cross-sectional research, 
longitudinal studies allow the temporal sequence of events to be established, which 
is necessary to draw causal inferences. Future research also needs to account for 
important confounders to more accurately understand the effects of pain on 
adolescent health behaviours like physical activity. 
 
Chapter 4 is the first comprehensive review to synthesise research on the 
association between pubertal development and MSK disorders. It casts doubt on a 
meaningful aetiological link between biological maturation, growth, and MSK 
disorders in adolescents. In doing so it questions the common clinical belief that 
adolescents are more likely to incur MSK disorders during periods of rapid growth.11 
12 In clinical practice, young people and their parents seek to understand the cause 
of these painful conditions. Contemporary clinical recommendations for the 
management of adolescent MSK conditions involve explaining the factors associated 
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 with pain.13 The findings of this study suggest that clinicians should avoid implicating 
maturation and growth as the cause of MSK conditions in young people until robust 
evidence becomes available.   
 
Several methodological shortcomings were identified in studies that evaluated 
whether biological growth and maturation are aetiologically linked to MSK disorders. 
Many of the concerns identified apply to the study of risk factors for MSK disorders in 
adolescence generally. There is currently only limited evidence to inform risk factors 
for MSK pains14 and additional high-quality research is required. Seldom do 
aetiological studies satisfy the Bradford-Hill criteria15 and adequately account for key 
considerations such as confounding and establishing a temporal sequence.16 Future 
research needs to address these issues in their design and better account for 
emergent factors such as health comorbidities and contemporary social context of 
adolescence and young adulthood.  
 
Clinical management of knee pain in adolescents and young adults is challenged by 
the lack of robust evidence on clinical course.14 16 Estimates of prognosis and 
prognostic factors are currently based on either non-clinical or anecdotal evidence. 
Chapter 5 takes an initial step in addressing the urgent need for prognostic studies 
on the clinical course of knee disorders in young people. School-based studies 
suggest that less than 10% of school children with lower extremity pain experience 
chronic pain.17 In Chapter 5, 30% of adolescents reported chronic knee pain, which 
suggests substantial differences between estimates from studies of non-clinical and 
clinical samples. The ability to reliably inform clinical management of MSK disorders 
in young people requires appropriately designed, feasible clinical studies.  
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Future research must enrol and follow large clinical cohorts of young people with 
MSK disorders. While electronic methods of communication (text messaging, mobile 
phone applications, email) hold promise to reduce the financial and logistical burden 
to researchers, participants and parents, traditional methods of follow-up such as 
telephone contact may still be necessary to minimise loss to follow-up. Alternately, 
new methods may yet provide opportunity for researchers such as communication 
through social media platforms as well as applications that leverage engagement 
through gamification. As illustrated in Chapter 5, participant follow-up via electronic 
communications has potential advantages over traditional follow-up methods. For 
example, the ability to respond frequently, in real-time to collect information on 
multiple dimensions of health. Future research that leverages the immediacy of 
electronic communications to limit recall bias may gain deeper insights into 
adolescent MSK symptoms, affect, and behaviours. 
 
Finally, clinicians that manage adolescents and young adults’ knee disorders need to 
be aware of limitations of clinical tests for the diagnosis of ACL injuries. Clinicians 
should make diagnostic decisions on the basis of a combination of clinical test 
findings, particularly in primary practice settings. For example, combining information 
from three positive history items (such as popping, giving way, and activity 
discontinuation) and either a positive Lachman test or positive anterior draw test 
provides a clinician with compelling diagnostic evidence of ACL injury.4  
 
Diagnosis of ACL injury in young people can be challenging because of poor recall, 
laxity, and an increased likelihood of different knee injuries associated with an 
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 immature musculoskeletal system.18 Research is needed to identify the best 
combination of tests for diagnosis. Given studies in Chapter 6 included participants 
ranging from 6 to 72 years (mean age 28-years), there is a need for diagnostic test 
accuracy research that focuses specifically on adolescents and young adults, where 
ACL injuries are most common.1 Accurate clinical diagnoses are also important for 
epidemiological understanding of MSK conditions in young people. At present clinical 
research that aims to understand specific conditions commonly use diagnostic 
classification standards such as the WHO International Classification of Disease 
(ICD),19 or the Orchard Sports Injury Classification System (OSICS).20 While future 
clinical studies are needed to understand the course and management of specific 
pain and injury diagnoses in young people, researchers should first consider the 
accuracy of diagnostic tests they employ.  
 
In conclusion, the findings of this thesis provide important new knowledge regarding 
the epidemiology of pain and injury in adolescents and young adults. Pain and MSK 
conditions are common in adolescents and may impact their ability to meet physical 
activity recommendations. Commonly held beliefs about risks of biological growth 
and maturation seem doubtful, and limited research resources in the adolescent 
MSK field may be better directed elsewhere. Prospective clinical research is needed 
to inform clinical management of pain and injuries in young people. In particular, 
electronic methods of adolescent follow-up provide a promising method of short term 
follow-up, but should be augmented with traditional follow-up methods. In focusing 
clinical, public health and research efforts on specific MSK conditions, stakeholders 
need to be cognisant of the limitations of clinical diagnosis. Hence, the findings 
140
 presented in this thesis are relevant to clinicians, policy makers and researchers who 
work with pain and injury in adolescents and young adults.   
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Review question
Is there an association between physical growth and maturation (as determined by biological markers of
maturation) and musculoskeletal conditions in young people?
 
Searches
Electronic databases that will be searched include: PubMed, EMBASE and CINAHL. Bibliographies of
relevant journal publications and forward citation tracking using the Scopus citation database will be
performed. Databases will be searched from inception to date of search.
The search strategy was developed for PubMed and modified for use in other databases:
Search terms
((((((((((((sports) OR athletic) OR soft tissue) OR overuse) OR musculoskeletal) OR back) OR lower
extremity) OR upper extremity) OR neck)) 
AND 
(((pain) OR injury) OR fracture)) 
AND 
(((((((((((((((((((bone age) OR skeletal age) OR body size) OR peak height velocity) OR height velocity) OR
growth spurt) OR maturation) OR skeletal maturity) OR biologic maturity) OR sexual maturity) OR Tanner
stage) OR Tanner staging) OR puberty) OR somatic growth) OR pubertal development) OR pubertal spurt)
OR sex factor) OR risk factor) OR anthropometr*)) 
AND 
((child*) OR adolescen*)
 
Types of study to be included
Only peer-reviewed journal publications of primary observational research will be included. All languages.
 
Condition or domain being studied
Musculoskeletal disorders (including MSK injury)
 
Participants/population
Inclusion Criteria of Population (P): Adolescents (chronological age range: 10-19 years of age). Male and
Female.
 
Intervention(s), exposure(s)
Inclusion Criteria for Exposure (I): At least one quantitative measure of biological maturity or growth (e.g.
peak height velocity, Tanner staging, bone age). 
Exclusion Criteria for Exposure (I): (1) Insufficient measures of growth (i.e. do not account for temporal
change e.g. height, weight, BMI without time as a denominator). (2) Unreliable measures of stage of
maturation (e.g. chronological age).
Inclusion Criteria for Outcome (O): Estimates of the prevalence or incidence of MSK disorders. 
Exclusion Criteria for Outcome (O): Case-series (frequency) of only MSK disorders.
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Comparator(s)/control
Inclusion Criteria for comparator (C): The study must provide a measure of the association (e.g. OR, RR)
between measures of biological maturity or growth and MSK conditions.
 
Primary outcome(s)
Studies must estimate the incidence or prevalence of at least one MSK condition (including pain and injury),
stratified by a measure of growth or maturation as a risk factor.
 
Secondary outcome(s)
None
 
Data extraction (selection and coding)
One review author will extract data using a standardised form. A second review author will check extracted
data against the included study. Extracted data will include the following:
• Satisfaction of inclusion criteria.
• Study characteristics
• Population characteristics; participant source or setting, age and gender distribution
• MSK condition characteristics; Frequency and duration of symptoms, pain and disability measures, body
location/diagnosis
• Maturity or growth measurement; type, categories
• Measures of association; for example proportional differences, incidence comparison or ratios of the two.
Measures of precision e.g. 95% confidence intervals and adjustment for confounders will be extracted where
available. 
The two researchers will discuss their findings and compare results. Discrepancies will be resolved by way of
comparing data extraction findings for studies that are under scrutiny, and justification for areas of
discrepancy. It is anticipated that a consensus will be reached on any areas of discrepancy. Where required
a third author will mediate. Authors of included studies will be contacted to provide further data where further
information is needed.
 
Risk of bias (quality) assessment
Steering questions in The Quality in Prognosis Studies (QUIPS) tool will be modified to assess the quality of
included studies. The tool will rate individual studies according to the potential risk of bias associated with six
domains:
(1) study participation,
(2) study attrition,
(3) etiological factor measurement,
(4) outcome measurement,
(5) confounding measurement and account, and
(6) analysis.
The QUIPS tool was designed for use in prognostic factor studies to comprehensively assess risk of bias
based on epidemiological principles, which are applicable to risk factors. The level of risk of bias associated
with each domain can be rated as 'low’, 'moderate’ and 'high’ based on the responses that reviewers give
to each item. Pairs of independent reviewers will assess the methodological quality. Discrepancies will be
resolved by consensus and with a third author if necessary.
 
Strategy for data synthesis
It is anticipated that standard statistical measures for outcomes (e.g. Rate Ratios) for individual studies will
be extracted, and if possible results will be combined in a Meta-Analysis.
 
Analysis of subgroups or subsets
Items for maturation and growth will be analysed separately
Population of athletes will be analysed separately
 
Contact details for further information
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Review question
The objective of this review is to evaluate the diagnostic accuracy of clinical assessment (patient history and
physical examination methods) for the diagnosis of ACL injury
The secondary objective of this review is to assess the influence of sources of heterogeneity on the
diagnostic accuracy of clinical assessment, in particular the study design (e.g. consecutive series or case-
control and consistency of applied reference standards and blinding), the health care setting (e.g. primary or
secondary care), and aspects of study methods as reflected in the items of the QUality Assessment of
Diagnostic Accuracy Studies (QUADAS-2) checklist
 
Searches
Relevant computerised databases will be searched for eligible diagnostic studies from the earliest year
possible, including MEDLINE, PubMed, EMBASE, and CINAHL The strategy uses several combinations of
searches related to the patient population, history taking, physical examination, and the target condition. The
reference lists of all included publications will be checked, as well as a forward citation search for additional
studies.
 
Types of study to be included
Primary diagnostic studies will be considered if they compare the results of history taking and physical
examination for the identification of ACL injury, to those of an acceptable reference standard namely
(arthroscopy, arthrotomy and MRI). The primary focus of the review will be studies enrolling a consecutive
series of clinical patients with diagnostic uncertainty where these tests would typically be used. Studies also
need to present sufficient data to allow construction of a 2 x 2 table to allow estimates of diagnostic accuracy
(such as sensitivity and specificity) to be derived. Case-control studies will also be considered, but because
the case-control design is associated with overestimation of diagnostic accuracy, the influence of study
design on the outcomes will be investigated. If studies have been reported in abstracts or conference
proceedings, the full publications will be retrieved where possible. Studies published in all languages will be
retrieved and included in this review. If necessary, appropriate translation of potentially eligible articles will be
sought.
 
Condition or domain being studied
The anterior cruciate ligament (ACL) is an important stabilising structure of the knee. It prevents anterior
translation and torsional movements of the tibia on the femur. Disruption of the ACL creates knee instability
and dysfunction which is a risk factor for knee meniscus lesion, articular cartilage lesion and subsequent
osteoarthritis. Injuries to the ACL occur on a spectrum from partial tear to complete rupture. Partial tears
have traditionally been defined by the proportion of ACL disruption. ACL injuries may occur in isolation or
combined with secondary knee structures such meniscus, articular cartilage/bone, and/or the collateral
ligaments.
 
Participants/population
Studies will be included if they evaluate patients presenting to a care provider for diagnosis of knee pain.
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Studies in which a substantial proportion of recruited patients (>10%) have already been diagnosed with ACL
injury that is likely to be causing their knee pain or dysfunction will be excluded. This proportion was chosen
based on a consensus among the author team, in an attempt to minimise verification bias. The potential
influence of the setting (whether patients present to primary, secondary or tertiary care settings) on
diagnostic performance will be investigated.
 
Intervention(s), exposure(s)
Index tests: Studies evaluating any aspects of the history taking or physical examination of knee pain or
dysfunction in patients will be eligible for inclusion. This includes all information regarding the demographic
characteristics (e.g. age, gender), clinical and medical history (e.g. mode or features of onset, symptoms of
knee giving away), and physical examination results (e.g. palpation, muscle strength testing, orthopaedic
testing). Studies will be included where the diagnostic accuracy of individual history features or physical
assessment procedures are evaluated in isolation, or as part of a combination. In the case of a combination
of clinical assessment findings, the study should clearly describe which tests are included in the combination,
and how studies in which only a "clinical diagnosis" or "global clinician judgment" (some unknown
combination of history and physical examination) are compared with a reference standard will be excluded
from this review. An undefined clinical judgment represents an individual clinician's diagnostic ability (which
cannot be taught to other clinicians), rather than providing data on clearly defined patient characteristics.
 
Comparator(s)/control
Reference standards: Studies will be included if clinical assessment procedures are compared to magnetic
resonance imaging (MRI), arthroscopy or arthrotomy to confirm the presence of ACL injury.
 
Primary outcome(s)
Diagnostic outcomes (true positive, false positive, true negative, and false negative numbers). They may be
reconstructed using information from other relevant parameters (sensitivity, specificity, or predictive values)
 
Timing and effect measures
Test characteristics will include the type of index test; methods of execution; experience and expertise of the
assessors; type of reference standard; and where relevant cut-off points for diagnosing ACL lesion (e.g.
quantitative observation/imaging measures). Interpretations of "positive" results may vary across studies and
some studies may present the diagnostic performance of an index test at several different cut-off points.
Data regarding the most commonly used cut-off points used by studies in the review will be extracted.
 
Secondary outcome(s)
None.
 
Data extraction (selection and coding)
Two review authors (MS and J) will independently apply the selection criteria to all citations (titles and
abstracts) identified by the search strategy described above. Consensus meetings will be organised to
discuss any disagreement regarding selection. Final selection will be based on a review of full publications,
which will be retrieved for all studies that either meet the selection criteria, or for which there will be
uncertainty regarding selection. The other review authors will be consulted in cases of persisting
disagreement. Prior to performing the search, the selection criteria and the QUADAS-2 criteria will be piloted
on selected diagnostic studies to ensure consistency of interpretation among the reviewers.Two review
authors (MS and NH) will independently extract the data to ensure adequate reliability of collected data. For
each study, aspects of study design, characteristics of the population, index test and reference standard will
be presented in tables.
 
Risk of bias (quality) assessment
The quality of each study will be assessed by at least two review authors using the QUality Assessment of
Diagnostic Accuracy Studies (QUADAS-2) list (Whiting 2011). The Cochrane Diagnostic Test Accuracy
Working Group recommends these items. The QUADAS-2 tool consists of 4 domains that refer to internal
validity (for example: blind assessment of index and reference test, or avoidance of verification bias).
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The review authors will classify each item as "yes" (adequately addressed); "no" (inadequately addressed);
or "unclear" (inadequate detail presented to allow a judgment to be made). Guidelines for the assessment of
each item will be made available to the review authors. Disagreements will be resolved by discussion and if
necessary, by consulting a third review author.
The four domains of the QUADAS-2 will be considered individually for each study, without the application of
weights or the use of a summary score to select studies with certain levels of quality in the analysis. The
influence of negative or unclear classification of important items will be explored using sensitivity analyses or
meta-regression analyses (see below). The following items will be considered for these analyses: 
(1) spectrum variation/selective sample; 
(2) adequate reference standard; 
(3) verification bias; 
(5) same reference standard; 
(6) blinded interpretation of index test and reference standard; and
(7) explanation of withdrawals.
 
Strategy for data synthesis
Indices of diagnostic performance will be extracted or derived from data presented in each primary study for
each clinical assessment procedure or combination of clinical assessment procedures. Diagnostic two-by-
two tables will be generated, from which sensitivities and specificities for each index test with 95%
confidence intervals will be calculated and presented in forest plots. In addition, a Receiver Operating
Characteristic (ROC) plot of sensitivity versus 1-specificity will be used to display the data.
For pooling of results of sensitivity and specificity we will use a bivariate analysis, which preserves the two-
dimensional nature of the data, accounts for between-study variability by using a random effects approach,
and allows for the possibility of a negative correlation that may exist between sensitivity and specificity
across studies. If studies show sufficient clinical homogeneity (e.g. same index test, similar definition of ACL
injury) we will present summary estimates with a 95% confidence ellipse (i.e. a bivariate confidence interval)
in ROC space. We will use pooled estimates of sensitivity and specificity to calculate the positive and
negative likelihood ratios for each index test.
All meta-analyses will be carried out using STATA and SAS statistical software.
 
Analysis of subgroups or subsets
We will investigate the potential influence of differences in the type of reference standard (e.g. arthroscopy,
MRI), study setting (primary/secondary/tertiary care), and study design (positive/negative/unclear scores on
domains of the QUADAS-2 checklist) through sensitivity analyses.
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List of Special Names 
Adolescence: The phase of life between 10 and 19 years of age, inclusive. 
Adolescent: A person between 10 and 19 years of age, inclusive. 
Child: A person 19 years old or younger. 
Puberty: (as per the U.S. National Library of Medicine) A period in the human life in 
which the development of the hypothalamic-pituitary-gonadal system takes place 
and reaches full maturity. The onset of synchronized endocrine events in puberty 
lead to the capacity for reproduction, development of secondary sex characteristics, 
and other changes seen in adolescent development. 
School-aged child: A child who is old enough to go to school. 
Young adult: A person between 19 and 24 years of age, inclusive. 
Young people: People between 10 and 24 years of age, inclusive. 
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